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PRINGIPL2S, PRACTICE, AIID PSOaRBSS 01 
NOISE REDUCTIOiT 1:1 AIRPLA:T3S 
By Al"bert London 

I . IITTRODUCTIOI:! 



A decade a^o, the air traveler's only protection a^ainn 
the deafening din of noi£?e was the cotton plu^^ r:hich he 
could insert in his ear. Nothin^^ speaks more eloquently for 
the progress which has heen achieved in ouietin^^ the air- 
plane than the fact that in niijht travel on certain air 
linos, passen^^ers runt he cautioned to speak q-aiotly in 
order that those asleep bo not disturbed. 

This transition from "cotton plu-" to ''Q^uiot, please," 
has only been possible of attainment by a full application 
of the principles of acoustics. The investis^tor s in this 
field have had to consider many and divers topics. To 
name a few: What are the principal sources of noise in 
the airplane, and how may they be reduced or eliminated? 
Hor may we measure noir^e? l^hat is the relationship bot-Teon 
the purely physical attributes of noise and the physiolog-- 
ical reaction of the ear to this stimulus? How nay the 
filtration of noise into the airplane cabin be reduced 
by proper attention to constructional details, and how can 
this be accomplished with a mininium of v;ei^iht? What syste- 
matic procedure should bo used in carrying out this quiot- 
in^j; j^rocess? 

It is the purpose of this oaper to review the body of 
knorvledse which has boon accumulated in this field. Spe- 
cial attention will be paid to effective soundproofing 
schemes, and all the data available in the published liter- 
ature on this subject will be fjiven. 
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host of us are familiar with the fact that whenever 
we hear a sound, we usually find that the source is a vi- 
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"bratint^ body of sone kind. 'Then the oody is sot in motion 
th^ laynr of air next to it talces on an exactly r.imilar 
motion. This disturbance ir. then handed on from one layer 
of air p.^rticles to the next, until it ultimately reaches 
the ear. 

An exactly similar process occurs when a stone is 
thrown into water. Here, there is visual evidence of a 
wave traveling outward from the center of the splash. 
Iiov;ever, to make our analogy a-^ree more closely with what 
is actually happenin^^ in a sound wave » we shoiild have to 
contrive, in some way, to have a number of crests emitted 
from the center of the disturbance periodically/. Perhaps 
we ^ii ^*ht have a lar^^e number of stones and drop them in 
the water at the rate of, say, one a second. Then, every 
second ri new crest would travel outward and the wave could 
he said to have a '^frequency" of one crest per second, 
iho distance "between two adjacent crests is known as the 
wrive leni,"th and, evidently, in this case it is ei^ual to 
the distance the wave travels in one second. In ^^eneral, 
for ony wave notion, the followin?^ relation is true; 

Velocity of wave motion - frequency x wave lensith 

In the simple sound sonrco, the tuning fork, an analo 
i^ous phenom.enon takes place. Hero the vibration of the 
prona;s of the fork causes a wave motion in the air which 
is perceived as a sound by the ea^.^. T}xe frequency of the 
sound wave is equal to the number of vibrations which the 
proni;s of the fork make per second, and is said to be so 
many cycles per second. If the fork vibrates a lar^^e num- 
ber of times per second, v/e say its pitch is hi^h; if only 
a few, its pitch is low. Thus, the highest note a stand-- 
ard piano produces is about 4,600 cycles per second, where 
as, the lowest is about 30 cycles per second. 

The tuninr^* fork is a simple source of sound, only one 
frequency corresponding; to its motion. There exist more 
complex sources, in v;hich several frequencies are present. 
Thus, if two keys on a piano be struck, the air particles 
must vibrato as a result of both frequencies. Ima<?ine how 
complex must be the dance of the air particles under the 
influence of a symphony orchestra where numerous frequen- 
cies from "0 to 10,000 cycles per second are present. In 
the more com7:lex sound sources throe types of frequency;* 
distributions are evident: l) Thn frequency spectrum has 
only a discrete number of frequencies present; ?.) a con- 
tinuous distribution of frequencies is present; 7^) a com- 
bination of l) and 2) consisting; of both a continuous and 
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n. niscrotc frequency cpectnin. rloise usually contains a 
lar^o nuiTi'bcr of frcquGncios, having a spoctruFi which may 
fall under any ono of thoc^fc three- classes . 

There are many rays in which the investigator may an- 
alyze different sounds to find the constituent frequencies. 
I-lost of the nethodc in eieneral use operate on a selective 
tunin^i^ principle, in vrhich the instrtiment response is a 
maximum at one definite frequency. To cover a vride ran^-^e 
of notes, the frequency of maximum response is made vari- 
aole in a prescribed fashion so that the frequencies pres- 
ent in the analyzed sound may he readily determined from 
the setting' of the instrument. For example, one commer- 
cial form of this type of device, the v/ave analyser, has 
as its essential element a crystal which will respond to 
one frequency only, say 50,000 cycles per second. If a 
sound v/avc of 10,000 cycles per r:econd is oicked up hy a 
microphone, ar_d the electrical current so i^enerated is am- 
plified, and then passed throu2;h the analyzer, it is pos- 
sihie to ^^et a response only hy somehow stepping up tlie 
10,000-cycle note to 50,000. To do this, the instrument 
is provided v:ith an oscillator which can ^^enerate a v;ave 
of any frequency desired. By the well-known heterodyne 
effect, if a frequency of 40,000 cycles per second he com- 
hined r-ith a frequency of 10,000 cycles per second in the 
proper way, vie ^et as a result, the sum and difference of 
the two freauencies, i.e., J^0,000 and 50,000 cycles per 
second. The 30,000 note may he suppressed and the 50,000 . 
note -^^aosed through the crystal filter. Tho dial, which 
controls tho frequency of the local oscillator, may ho. 
calihrated to read 10,000 cycles per second directly. 

There is another type of analy:^er commonly in use, in 
which an electrical circuit iz used which will pass a 
ijiven hand of frequencies only. . For example, it may pass 
all the frequencies in the octave hetwoen 512 and 1,024 
cycles per second and reject all others. This type of de- 
vice is knovjn as a hand-pai-s filter. By having a numoer 
of these hand-pass filters, a frequency analysis to cover 
any desired range may he obtained. 

Any sound, in addition to having some definite fre- 
quency spectrum associated with it, possesses one other 
important physical attrioute, namely, intensity. To re- 
turn to our tunine^ fork, if the pron^:^s he tapped harder, 
more ener^'y will he imparted to the vihrational miotion, 
and the excursions of the pron^ from, its rest position, 
will ho larger. It can he readily shown that the ener^^y 
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asj^ociated vrith the motion of the fork is p3"oport i onal to 
the square of its amplitude (the maxiin-UTn displacement from 
the equiliorium position).. A lars;er amplitude is imparted 
to the air particles, which, since they have a motion sim- 
ilar to that of the fork, therefore have an ener^jy also 
proportional to the square of their amplitude. The m.axi- 
mum velocity of the air particles and the maximum pressure 
built up in the sound wave may "both he shown to he propor- 
tional to the a?nplitude, so that the ener^^y in a sound 
v;ave depends on the square of the particle velocity or of 
the pre. sure of the wave. By the term int cnsi ty , " wo 
nioan the total amount of sound onor^^y which flows throu^^h 
i;nit area normal to the direction of propa'^ation of the 
wave in one second. The units of intensity are, there- 
fore, ratts per square contime'tor. However, to express 
sound intensities or energies, almost exclusive use is 
made of the docihel scale. 

The decihel scale first came into use in telephony 
and electrical comm.uni cat i on s work, where it was desired 
to have a convenient way to express the ratio of two dif- 
ferent values of such electrical qUvantities as current, 
Voltaire, or power. The decihel difference hetweon two 

powers, Pi and . is defined as 10 lo^j^J --)* Since 
the power developed in a resistance , hy a current 1^, 

is ^'i = Ii" ^^1, or hy a voxT;afi;e is P, - 



n 



we 



nave : 



Decihel difference "between P, and P^ = 

If Ri happens to he equal to Ho, we have: 
Deci-bel difference = 10 log , „ f--)' = 10 lo^ f--\ 



Thus, in ?.ound measurements, the decibel difference between 

S 

two sounds is <ivon by 10 lo^^, ^ ~ where Et and En 
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are the ener-:;ii:es of the renpoctive waves. Since the ener- 
'^y in n sound wave in proportional to the square of the 
sound pra'^sure or particle ve].ocity, v:e have; 

1^-^ l°^XO ir ■= 20 10^,, |i = 20 10^ ;i (3) 

v;hcre p and v represent r^ound pressure and particle 
velocity. 

The deci*bel scale has several advanta^^es vdiich, how- 
ever, we can more intelligently discuss after vce have con- 
sidered. soTiO of the phenomena associated \7ith hearing. 

The oar is a remarkably sensitive mechanism. At the 
lov;er limit of audihility (for the freq^uency of maximum 
r.onsi tivity ) it is po'-.r>i"ble for the ear to detect a motion 
of air particles which have an amplitude of only one- 
oillionth of a centimeter (lO^^ cm). If one rememoers 
that molecular dimensions are of the order of magnitude of 
10 timor. :is much, i.e., 10""^ centimeter, it hecomes evi- 
dent how extraordinarily sensitive the ear is. On the 
other hand, at the upper limit (for this same frequency of 
maximum sensitivity), sounds aoout one million million' 
times as intense can he heard. The ear }ias a ran^^e there- 
fore of ahout 10^^ in enerii^y. In decihels this ran*?c can 
he expressed as 10 lO'^io 1^^^^, which is IPO decihels. 
That is, the sound level at the upper limit of audihility 
is IRO decioels ahove the sound level at the threshold of 
audibility. The decihel scale is, therefore, a compressed 
scale telescopin>^ a ratio of 1 to 10^^ in ener.-'y into 0 to 
l<0-decihels. 

Since a sound level in decioels really states ho^v 
much more intense one soiind is as compared v.ith another, 
it is always necessary to know what the intensity of the 
reference sound is. The standard reference level has heen 
defined oy the American St^indards Association as the inton 
sity of 10"^^ watts per square centimeter. This corre- 
sponds to a^ root-mean-square pressure of O.OOOc.^ dynes per 
square centimeter in a plane proi^ressive sound wave.* 

*Other reference levels have heen in use prior to the adop- 
tion of this standard; One common level in use, es'oecial- 
ly in airplane noise measurements, has oeen the intensity 
of a wave havin^^ a ro o t-mean- s quarc pressure of 0.0^1 dyne 
per^ souare centimeter (l millihar). 'Readings in decihels 
with this latter reference level are 13.8 dh lower than 
those referred to the standard reference level. In this 
paper all levels, unless otherwise stated, are referred to 
10 watts per sq. cm. 



6 



N.A.Q.A. Technical .No.. .?4B 



With this as a reference level, figure 1 gives some idea 
of the relation "between the decil^el scale and the sensa- 
tion perceived "by the ear. 

Of more immediate interest for our purpose, is^the 
ran^e oi levels found in moving vehicles. Taole I, nhi ch 
has been adapted from Zand (reference 3?.), a;ives the lev- 
els to be found in different types of transportation plus 
the ar.sociated subjective measure of the degree of com- 
fort experienced. 

The decibel scale is strictly a physical scale for 
intensity measurements, Ho^veve^, of primary interest is 
the sensation which is perceived hy the ear as a result of 
the physical stimulus. The psy chologi ca.1 reaction of the 
individual varies from person to person^ so that in order 
to formulate the relationship existing hetween the physi- 
cal stimulus and p sy cho lo -^Ji cal sensation, it is necessary 
to investigate a large numher of ears before any conclu- 
sions may be a^scertained about the average ear. 

It is found in this \Yay that the sensation is a rath- 
er complex function of the intensity and frequency. For 
example, it was desired to ascertain when two different 
notes sounded equally loud to an observer. To do this, 
sounds of two frequencies were compared. One had a fre- 
auency of 1,000 cycles per second, and the observer was 
allowed to change the intensity of the other frequency un- 
til both notes were equally loud. Proceeding in this man- 
ner, a large num.ber of dif:e:^ent tones could he matched in 
loudness to the standard reference tone of 1,000 cycles, 
Figure 2, which is the result of the work of Fletcher and 
Munson (reference 2) ^ gives the result of such measure- 
ments. 

These curves have the following meaning: If v/e se- 
lect one of the contours, say that numered 50, then all 
points on it represent notes which are equally loud. 
Thus, a 100-cycle note of 67-decibel intensity level, 
sounds f^s lou.d as a 1,000-cyclc note of 50-d.ecibel inten- 
sity, or a 7,000-cycle note of abottt 50-decioel intensity. 
The lowest curve is the threshold of hearing. It gives 
the intensity level at which the average normal ear can 
just hear, at all the frequencies from about 25 to 15,000 
cycles per second. The uppeririost curve is the upper lim- 
it to hearing, the so-called ''threshold of feeling," Phe- 
nomenologi cally , it is found that with sounds of this in- 
tensity, the sound is not only heard but there is also an 



At end of report. 
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additional £?en-.ation of " f eelint:;', " The actual sennation 
varies with frequoncy; At the lower frequencies a feelina; 
of vi brat ion is experienced, while at the hii;her frequen- 
cies, the feelin.? is one of pain. • Thus, the area includ- 
ed hetween the two extreme contours ^^ivos the re^jion over 
which audition is posni"ble. 

The intensity level of zero decioels is set to coin- 
cide approximately with the threshold of hearing at 1,000 
cycl«=^s, It will oe noticed, however, that the ear is no;^^t 
sensitive at ahout ?,500 cycles. The numhers on the con- 
tours are numerically equal to the intensity level of the 
1,000-cycle note to which all notes on this contour are 
equated in loudness, and are known as loudness levels. 
Since a loudness level is not a strictly physical quantity, 
but rather a measure of the sensation • recorded oy the ear, 
it becomes inappropriate to use the decibel as the unit of 
loudness level. For this usa^e , the term "phon" has been 
accepted. However, it will bo found in the literature 
that decibels are still sonetiines used inter chane;eably. with 
phons. Per example, if a sound has a loudness level of 70 
phons, it is equal in loudness to a 1,000-cycle note of 
?0-decibel intensity. Hence the loadness level is said to 
be 70 decibels. 



There are several other important features about the 
contours which should be pointed out. From about 500 cy- 
cles and up, the contours are approximately equally dis- 
placed from one another, a 10-decibel increase in intensity 
corresponding to a 10-phon increase in loudness level. 
This is not so for the lower frequencies, as the curves 
crowd to^^ether at the lower end. Thus, a small drop in 
intensity means a much lar^'er drop in loudness. For ex- 
ample, if we have a 100-cycle tone with a level of 100 
decibels, and we drop the level by 62 decibels, the sound 
just becomes inaudible, whereas a 52^-decibel drop in a 
1, poo-cycle note would still be plainly audible, having a 
loudness level of 38 phons. 

This pnenomenon ha,s fort un ate consequences in the 
sound insulation of airplane cabins. The largost contri- 
bution to airplane noise is made by the low froauencies; 
furthermore, the low frequencies are the most difficult to 
reduce in intensity. Thus, the ear comos to the rescue, 
inasmuch :;.s it willin^,'ly accepts a much lower ener^^y dim- ' 
inution in the low frequencies than it will in the hi^^her 
frequencies. T7e shall refer a5,'ain to this point when we 
discuss sound insulation. 
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The loudnet^s level contours may he plotted in a dif- 
ferent r/ay with- frequency as the paraneter. Such a rep- 
resentation is figure 3 (reference 2). These curves ^^ive 
the loudness level versus the Intensity level, each curve 
"bein^ valid for the frequency ^'iven on the curve. It will 
be noted that for a large range of frequencies, from about 
?00 to 4,000 cycles per second, the loudness level is ap- 
proximately proportional to the intensity level, and fur- 
thermore, they are both very roughly equal to each other 
to within ordinary en^^ineerin? accuracy. At the lower 
frequencies, the proportionality between loudness level 
and intensity level is true only for a limited ran^^e of 
loudness levels. 

The question which arises next, is that of measuring 
these twin quantities, decibels and phons. Just what in- 
strumental means are available for a quantitative specifi- 
cation of the amount of noise present? To answer this 
purpose, there has appeared in recent years the sound lev- 
el meter. 

This device consists essentially of a microphone with 
an associate electrical circuit containing an amplifier, 
attenuator, and meter. The latter is calibrated to read 
decibels directly and usually covers a ran^^e of about 15 
decibels. Intensities over a range from about 30 to 130 
decibels may be measured by adjusting the attenuator dials. 

In designing' this type of instrument, particular at- 
tention is paid to what is called the response frequency 
characteristic, i.e., the response of the meter to differ- 
ent frequencies. For measuring intensity levels, it is 
er>sential that sounds of different frequencies out of the 
same intensity, should give the same reading. If the me- 
ter has this property, it has a "flat" frequency response. 
In the case where the characteristic is not flat, a noise 
measurement will emphasize certain frequencies at the ex- 
pense of others. 

However, this is exactly what is desired in measuring 
loudness levels. Since the ear discriminates against some 
frequencies, the meter 'should do likewise in order to meas- 
ure the car's sensation. An attempt is therefore made to 
incorporate in sound-level meters a response-frequency 
characteristic similar to that of the ear. Three differ- 
ent characteristics are usually provided - a flat response 
and two which simulate the ear's at 70 and 40 phons. Fig- 
ure 4 4;ives the design objective which has been set for ■ 
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thene neters by the American Standards Association. The 
cur-res as drawn here arc directly compara'ble to the con- 
tours of fi^:^ure 2 for the loudness levels of 70 and 40 
phons.* To "be more specific, the 70-decihel networl-: curve 
^ives the intensity level of tones of different frequen- 
cies which would £;ive the same reading on the meter as a 
l,ODO-cycle tone# For exarnole, a tone of 60 cycles is 
discriminated ,''?.?ainst to the extent of 10 decihels on the 
70-cLccihel network, and 26 deci'bels on the 40-decihel net-* 
^.vork; if it has an intoncjity of 75 decioels, it v^ill road 
65 docioels on the 70-decihel net\7ork and 49 docioels on 
the 40-doci'bel network. To ^et these three different 
characteristics, speciall;/ dcsif;ncd electrical circuits 
are provided. At the flip of a switch, any of thcGC 
three networks may T^e introduced. It is recognized that 
the incorporation of only three networks is a compromise 
necessitated "by the difficultly and expense of simulating 
the ear's response at all loudness levels. For this rea- 
son the meter porformance is only an anproxinat i on to 
what the ear hears. In addition, there are certain tol- 
erances permitted in desi^nin^; the networks, so that very 
often the frequency response of the instrum.ont is such 
that errors are introduced in the irica sur cmon t s • The sound- 
level neter, "before "bein:;^' put into \\so, should always oe 
caliorated so as to detormino the extent of a^-ireement with 
the design oDjoctivc, vlith reference to the use of the 
varioiis networks in the sound-level meter, the "A,I.E,S, 
Tost Code for Apparatus IToiso Moasur omcnt recommends that 
the 40-deci"bel network "he used for usual apparatus iioise 
measuz^ei.'.ent s , " the flat network "for very hi^h intensi-* 
tics where low frequency noise is predominant" and that 
the 70-dGci'bel network ""be used only in special cases," 

It should "be mentioned that Davis (reference l) has 
recently stated that the American sound-level meter does 
not i>ive the correc^t value for the equivalent loudness of 
a noise consistin-^ of a series of ir/pulses or havin^^ con — 
siderahle int ermi 1 1 en.cy , the rea-ding oeini; too low. In 
accordance with his findin£;s, Davis has constructed a me- 
ter which ^ives results in a^sreement with., aural ooserva- 

t i o n s o n this type of n o i s e . 
^ . 

■uVnere are certain inherent differences "between tne ear 
and a ricrophone as a sound-measurin-; device. Hence, the 
curves of fi*:^uro 4 are necessarily sli^^htly different from 
those of fi:-;ure c? . Those corrections are introdviced to 
take care of the difference hetwecn the conditions under, 
which the oar response was obtained as compared to the con- 
aitions Linder which noise measurements are usually talren. 
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In many noise inc;n,r.iirorient s , there frequently occurs 
the case in which there are several component frequencies, 
one nf ivhich is predominantly loud. The reading; o'btained 
will be practically the same as if the quieter tones ^ere 
missin-^^. Consider a simple numerical example; there are 
two sound sources - one emits a note of intensity 80 deci- 
oels, the other 60 decihels. 

Hi = 80 do = 10 lo^Sio ^1 " ^0 

H2 = 60 dh = 10 lo-?io 7- ^"^2 = ^0^' ^0 

Corresponding to the reading of 80 decihels, the en- 
^'^-^>y is 100 million times the enere;y at the reference 

level of ^ero dh , ; and corresponding^ to 60 decil^els, 
E2 is 1 million times as '-rcat as . IVhen the two notes 
are sounded simultaneously, the reading will "be R12 where 

= 1^ logio - 10 lo^;(lO^+10^') = 30.04 dh 

Eo 

which is sensihly tiio came as 80 decioels. 

Proceeding in this ^-ay, we can formulate the follow- 
ing- tahle, in which the two individual levels are Hi and 
R^i ^^i^ v;hen heard to'^ether, are Hj^aS 

Ri(dh) I RpA&o) RiaCdlD) 




80.0 

80.0 
8 0 . 0 
80.0 
80.0 
80,0 



70.0 
74.2 
77.6 
80.0 
81.8 



80. 0 
81.0 

e^^.o 
8.^.0 

84,0 
85.0 



A convenient rule for calculations accurate to within 
1 decioel is the foJlowin^^: If 



^1 ^2 greater than 9 db , then 



.ies "between 9 and 4 dh , then R12 = Ri + 1 



Ri - R. 



Ri - R, 



4 and 1 dh , then Hi- = Ri -h ?. 
1 and 0 dt, then R12 ^ 3 
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jTroir. these calculations ne ?see that a reduction in 
noise level c.?.n "be otitained only "by first reducing the 
noise due to the loudest source, Elininatin^ sourceis which 
are of leaser intensity will cause only a slight decrease 
in level. 

Of coiirse , from the standpoint of. noise reduction, 
the important question to consider is to what extent a 
diminution of 1 or 2 decihels is perceived hy the ear. As 
a matter of fact, a very rou^h statement of the ear's sen- 
sitivity to sli:;ht differences in Intensity is that it .can 
just perceive a difference of ahout 1 decihel. This dif- 
ferential sensitivity to intensity varies rith hoth fre- 
quency and intensity • For example, at a level of ahout 
80 decioels above the threshold of hearing, the ear can 
just detect chan£;es of ahout l/2 decihel t-arou^h a fre- 
quency ranv;e of ahout 2,000 to 8,0 00 cycles; at 5 decioels 
ahove threshold, the level must he changed hy about 4 deci- 
bels before it can be detected. At the lor frequencies the 
differences must be much lar-^er. Thus, at 50 cycles, the 
differential sensitivity is about 8 decibels v;hen the orii,^- 
inal level is only 5 deciboln above threshold; from 40 to 
80 decibels above threshold the ear is sensitive to changes 
of 1 decibel or less. 

The lo^'ical question to pose now is this: To rhat 
extent is the loudness reduced when reductions of 1 or 2 
decibels occur? The answer may be obtained from fi^jure 5 
which is a result of a determination of an absolute scale 
of loudness by Fletcher and Munson (reference 7^). In this 
•experiment observers were asked to Jud^e the relative loud- 
ness of two sounds; for example, when one sound was twice 
as loud as another. In this way, the relationship between 
loudness and loudness level was derived. Thus, if there 
is a reduction in loudness level of 20 phons from an orig- 
inal loudness level of 40 phons, figure 5 shows that the 
loudness changes from about 1,000 to 100 loudness units, 
or a reduction in loudness of 90 percent has occurred. 
Continuing- in this way, the curves of figure 6 may be 
plotted (reference 6). From this figure we see that a re- 
duction of 2 phons corresponds to a loudness reduction of 
about 15 percent. Small changes in loudness level produce 
a much larger chan^'e in the sensation of loudness. Thus, 
.in any attem.pt at noise reduction, possible minor altera- 
tions, which produce but small reductions in level, should 
not be overlooked. 
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It is a matter of coianon experience that it in diffi- 
cult to hear in a noisy environment. In table I, the rela- 
tionship hetween the ahility to carry on conversation and 
the noise level in varioiis vehicles .has "been given. These 
experimental results are closely related to the auditory 
phenomenon of maskin^?. If the threshold of hearini? of an 
observer "be measured in the presence of an extraneous 
noise havini^ a uniform distribution of enen^ir amon^ a fre- 
qiiency spectrum which includes all audible frequencies, 
it will be found that his threshold is raised. The test 
tone must be made louder in order for him to hear it. 'B'i^" 
ure 7 summarizes the data for the masking effect of this 
type of noise (Fletcher and Munson, reference 3). It i^ives 
the masking in decibels, i.e., the Pymount the threshold at 
various frequencies is raised, v-^hen 'various masking noise 
levels (the numbers on the curves) are used* For example, 
if the noise level is 79 decibels, it raises the thresh- 
old for frequencies from about ?00 to 10,000 cycles, about 
5 c d e c i b 0 1 s . 

A pure tone may also produce a masking effect. It is 
found that tones of lower frequencies mask those of higher 
frequencies more readily than vice versa. However,, a low 
frequency will not mask a much higher frequency in' cases 
where the intensity of the masking tone is small. Further- 
more, the masking tone ..ay mask a lower pitched note if it 
is not too far removed in fre q\i ency. In the noise of air- 
craft, the lower frequencies predominate and are very loud. 
Kenco, speech which contains frequencies from about ir^O to 
3,000 cycles is readily masked, especially those components 
which arfe most important for understanding, i.e., those be- 
tween 5 00 and 5,000 cycles per second. The German aeronau- 
tic research group, the D.V.L., once measured the intelli-* 
gibility of speech before and after treatment of a cabin 
(reference r^O), The intelligibility increased from 6.5 per- 
cent in the bare cabin to 78 percent in the treated cabin. 

In the early days of noise measurements, use was made 
of the masking effect to measure noise levels. By means 
of an instrument which meastires auditory acuity, the audiom- 
eter, the threshold of hearing of the observer was measn.red 
in a quiet place. These threshold mnasiir einent s were then 
repeated in the neighborhood of the noise source and the 
amount by which the threshold shifted was taken as a meas- 
ure of the noise level. 

Another method is one in which a known level produced 
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'by the atidi omet er in one ©ar is- compared, to the noise lev- 
el* to which the other ear listens. The tone on the audi- 
oractcr is adjusted until it sounds as loud as the noise. 
If the note of cent rollahl c intensity is 1,000 cycles per 
second, this type of measurcniont will ^ive directly the 
loudness level. 

Before closing the discussion on sound and hearing, 
mention should "be raade of several other factors of impor- 
tance. The reaction of the individual to noise is condi- 
tioned iiot only on its loudness, hut also on its nature. 
T^hereas people are prepared to tolerate soirie noine as a 
necessary evil in the operation of mechanical equipment, 
noises which are thought to he unnecessary and which 
should not he present can oocoine quite di s turhine; . Rat- 
tling, squealing, or squoakint; of the device, a low-pitched 
druminin^::; , and intermittent or erratic sounds are often an- 
noying'. The reader can undQuhtedly recrsll some soi:ncis 
which he has found particularly o o j o ct i ona ol c . An attempt 
has heen inade hy Laird and Coye (reference 4) to evaluate 
the decree of annoyance of different frequencies. They 
found that the annoyance increases when intensity increases 
and at one intensity level, the lea^^t annoying are the mid- 
dle frequencies from 200 to 1,500 cycles per second. 

Part of the di sa^^rceahle sensation associated v^ith a, 
noisy Mirplane arises from insecurely fastened structural 
momDers which are set into vihration. If "he vibrator;/ 
amplitude ho sufficiently largo, an audihle sound will ho 
c in i 1 1 c^. d .'I d , w h tit is more, t e "o a n o n ^; e r m ay e xd e r i e n c e a 
sensory reaction if the vihration is transmitted to where 
he happens to he. Just how lar^e an amplitude is percept i- 
hle is ^:;iven in the curves of fii^ure 8 (reference 5), Here 



"vTe take this opportunity to summarize the various terms 
in use as units for sound neasurement s . As a physical 
measure of the intensity of the sound or noise the three 
terms - sound level, intensity level, and noise level - 
are eqiiivalent. The term "loudness level" is reserved for 
intensity measurements which have heen corrected for ear 
response and should he expressed in phons hut are often 
expressed in decihels. The "loudness" of a sound is an 
absolute measure of the ohserver's reaction to its inten- 
sity; it may he expressed in loudness units which are, 
therefore, a quantitative means of expressing; the average 
auditor's impression of how loud the sound is. 
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,tho aiaplit-ade of yilDration in centimeters is plotted 
against the froquencv in cycles per second. The whole 
e;raph Ig divided iiito the six regions 0, I.a, Ih, Ic, Ila, 
Ilh, \7ith the follo^rini; moaning: All motions havin^i the 
amplitude and frequency in the rerjion 



0 


arc not noticea'blo 


la. 


just noticoaole 




well noticea'blc 


Ic. 


vary strongly iioticenDle 


Ila, 


di sa«;rooalDle 


1115, 


very di sa^recalslG 



It will. DC observed that the :^reatcr the frequency 
the smaller the amplitude v;hicb. can be detected. The vi- 
bration amplitudes of an airplane may be quite lar^^e, 
Zand (reference 32) reports one panel in an airplane v.'hich 
had an amplitude of l/4 inch, an extremely di sa£;r eeabl e 
source of discomfort, Ar. a ^uide to be used in determin- 
ing v/hat vibration amplit udes are permi sible , Zand ^^ives 
the fi-,'ure of 0.012 inch as the maximum amplitude to bo 
tolerated, a fi^^ure which is considerably hi^iher than the 
curves of figure 8 would indicate. 

III. SOUHCSS OP NOISE IIT AIHCCAFT 



In the battle ai^ainst noise, the first line of de- 
fense is a ^5ood offense; attack the enemy at its source.. 
If possible, eliminate the noise source; if not possible, 
reduce its intensity. 3y studying all the possible source 
of noise in the airplrane, how they arise, the relation- 
ship between the intensity level and the different varia- 
bles, and the relative ma^jnitude of the various sources, 
valuable information is obtained which may be used to se- 
cure a sizable reduction in level. 

Armed with a knowled^;e of the various physical fac- 
tors involved, it is quite possible to predesi^^'n an air-- 
plane which will not exceed a specified noise level. How- 
ever, having built the airplane, any changes in construc- 
tion are relatively more costly. It is therefore the wis- 
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ent and noGt economical course to malr-e the initial desi^^n 
consir>tent with acougticnl r e qui rement s • It is, of courne, 
pof^si'ble to correct the finished airplane, "but usually 
this involves an increase in ^ei£<;ht, with a con::!equent re- 
duction in -pay load. 

iLrny invest i'^iators have discussed the various phases 
of noiyo reduction in aircraft. As a typical example of 
what can he done hy payin-^ attention to desi<?n features, 
Zand (reference 32) has £;ivcn the data in tahle II. It 
should he emphasized that the redu.ctidn in level obtained 
is due to reducin^^ the noir^e at the source, either hy a 
more effective dcsi-7,n or a proper choice of operatin^^ con- 
ditions, and not "by the introduction of soimdproof ins; ma- 
terials. 

TABLE II 



The composition of noise in the cahin 
provement possible by an efficient desi.::;n, 
use of soundproofing. 



showing; the im- 
excluding the 



cioar CO 



1) Propeller 

2 ) Exhaust 

3) En'H;ine clatter 

4) Air-horne noij?es 

5) Aerodynamic noise 

6) Ventilating^ noise 

Total noise 



Iloise level in decibels 



Inef f i ci ent de si-^n 

122 

lis 

104 
108 
94- 
114 

126 



1" 



Efficient desi 



^n 



100-104 
100-104 
89-99 
74-79 
7 9 - c3 4 

Jl^z 

100^106 



In oarticular instances the reduction ro:>sible may 



oe 



more or .1 o s 
as illust rati ve» 



the fi£;uros >^iven are only to be considered 



A. Propeller Noise 

Extensive observations (referonces 10, 11, 12, 13, 14, 
15, 16, 17, 18, 19, 20) on propeller noise have been made, 
the results of which will bo briefly mentioned hero. The 
noise consists mainly of two components. One is the rota-- 
tion note, v;hich has a frequency equal to the number of ro- 
tations per second multiplied by the number of blades in the 
propeller. This is the fundamental note, the low-pitchod 
roar, avia it is a^ccomoanied by a lar-2;c number of harmionics 
(frequencies which arc inteiu^al mAiltiples of the fundamental). 
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Usually there is more acoustical energy in the fundamental 
than in all other frequencies^, go that it is the chief 
cause of propeller noise. However, in certain cases (ref- 
erence 11 ) the harmonics nay predominate. 

The other component is the rotation or vortex noise. 
As the propeller rotates, it causes a turbulent air condi- 
tion to he set up, in which vortices are shnd off the 
hlades. The vortex motion t^ives a very complex frequency 
spectrum composed of a continuous distrihution of frequen- 
cies from ah out 1,000 cycles up. 

It is also found that the rotation note and vortex 
noise are not equally intense in all directions ahout the 
propeller. The maximum intensity level occurs in the 
plane of the propeller hlades and is due to the fundamen- 
tal note. The vortex noise, on the other hand, ha.s its 
maximum alon? the axis of rotation of the propeller. Ho^-* 
ever, the frequency discrimination of the car is such that 
the propeller naise is equally loud in all directions 
(Stowell and Demin^, reference 20), 

It is evident that proper positioning^ of the cahin 
relative to the propeller is of advant a^^^ie , Both the sound 
intensity and the vihration amplitude of structural ele- 
ments decrease \'7ith distance from the source of the dis- 
turhance. Som.e data of Bruderlin (reference 2^) (fi^"^. 9), 
^ive the variation of noise level, at the skin of the fuse- 
lai^e, with distance from the propeller, showing that a 10- 
dccihel reduction may "be ohtained hy placing the cahin 16 
feet hack from the plane of the propeller. If there is 
too little clearance oet^^veen the fuselage a.nd the tip of 
the propeller, the vihration amplitude of the fusela^^'e will 
he lar^;cr and the noise level ;^ill oe hi-^hcr. The noise 

level varies as —^—^^ , whore r is this clearance di s- 

tance (Bruderlin, reference 21 ), provided r varies from 
B to 12 inches. In one specific case (Zand, reference 
a 2-inch clearance oetweeri the i^ro poller and a certain pan- 
el caused the latter to viorate with an amplitude of l/4 
inch, and as a result it was the cause of m^ost of the noise 
in the cahin. To reduce the noise oein^'^ omitted, a float- 
in-g panel was attached to it hy means of ruhher strips. 
The amplitude of the floating panel measured 0,015 inch 
and the sound level dropped 10 decihels. This same reduc- 
tion could have hcen obtained hy having a clearance of 12 
inches, had that heen possihle. 
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Mult iple-en-:^ine airT^lanes with an even nuin"ber of en- 
gines are to "be preferred, as it is possil)le in this case 
to have the catin situated farther away from the -oropel- 
lers than is usual. The cahin, however, should not he 
located in the plane of the propellers, since this is er-- 
actly ^vhere the rotation note, which is hardest to insu-^ 
late a^yainst, is a maximum. 

The single most important determinant of propeller 
noise, however, is the propeller tip r-peed. Mo st ^ aut ho r s 
are a--reed that a linear relationship exists hetween noise 
level^in decihels and propeller tip speed. Zand (refer- 
ence 32) finds that the noise levei in docihels for a two- 
blade :r.etal propeller is 



Noise level (do) = 24 + O.llV (4) 

where V is the tip speed in feet per second. For a 
three-olade metal propeller the equation is, approximately, 

Noise level ( dh ) = 19 -f O.llV (5) 

The actual law is plotted in fLjure 10. The relations 
(equations (4) and (5)) seem to hold up to ahout V = 850 
feet per second, when the sound level starts to increase 
faster than a linear law. Somewhere in the neishhorhood 
of this speed, which is an appreciahle fraction of the ve- 
locity^ of sound, the flow of air past an airfoil similar 
in desi-i,'n to a propeller section chan^ijes from smooth flow 
to "ourhlin^ type of flow which at low speeds occurs only 
at lars^e an^^les of attack (reference .^..^)." This results 
in a decided change in the character of the sound with an 
apparent increase in intensity. Hilton (reference 14) has 
indicated that the linear law extends well on past the ve- 
locity of sound. He found that the noise level is direct- 
ly proportional to tip speed in the ran^^e from 0 to 1.2 
times the velocity of sound. 



Ohata and co-workers (reference 19) carried out an 
extensive series of ohservations on the int-cnsity oi dif-* 
feront frequency components of the propeller noise as a 
function of tip speed and pitch an.-le of the "blades. While 
the intensity does not vary in a simple fashion with the 
pitch, it is possihle to make the rou^h statement that the 
sound level decreased 1 decihel for each dec-ree decrease 
in pitch over a ran^-e from ahout -10^' to +10^ pitch setting, 

Davis (reference 25) has i2;iven the following rules: 



18 



IT.A.O.A. Technicp.l Notf> No. 748 



"Noise reduction of 

10 per 100 ft./sec, reduction in tip speed 
(soriG airscre^vs «;avo higher reductions up to 
15 dl)). 

1 d'b per decree decrcai^G in pitch setting. 

10 db for change to thin conventional section, 

5 dlD per foot diameter increase of airscrew (for 
given power, forv/ard speed, and similar oper- 
ating point on the efficiency curve). 

10 dh for change to 4-"blader of same diameter (for 
i^iven po\Tcr and appropriate speed). (The change 
from a P-blader ^.vould, of course, involve a chant^e 
of .-ear ratio and calculations have shovrn that 
there will "be no actual inprovement if the gear 
ratio is kept fixed.)" 

A formula ^:^iving the noir,e level as a function of tip 
speed, distance of ohservation T^oint from propeller, the 
numher of "blades, propeller radius, chord of hlades, "blade 
shape, an^'le of incidence of .air stream, and air viscosity 
has oeen given "by Capon (reference 23). There is some 
douht as to its complete accuracy, as it has heen assumed 
in this derivation that the sound intensity diminishes 
with the distance according to the familiar inverse square 
law. Several ohservers (references 19 and 20) have found 
experimentally that the intentr-ity decreases more rapidly 
than this. The reader is referred to the original paper 
"by Capon for the formula and its use. 

The most effective way to reduce the noise level of 
an airplane is, then, to reduce the propeller tip speed, 
U3R largf^-hlade propellers and preferal:»ly with more than 
two "blades. In most cases the reduction of tip speed is 
accomplished "by gearing the propeller to the engine. Care 
should "be taken that the noise level of the gears is he- 
low that of the propeller noise. As an example of the ad- 
vantage in gearing, we quote some figiires of Davis (refer- 
ence 'cr*.^), in which a geared and an ungeared engine are 
compared. The tip speed of the ungeared airplane was 830 
feet per second, while that of the geared airplane was 685 
feet per second; the reduction was, on the average, a'bout 
13 dcci'Dels. In any event, the tip speed should not "be 
permitted to exceed 850 feet per second, at which speed 
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the curves of figure 10 show that the sound level -^ets in- 
ordinately lar^e. 

3. Exhaust and Engine Hoise 

Us\ially the propeller noise is much louder thc?.n the 
exh^^ust noise. I: the difference in intensity between t:ie 
two is more than 10 decihols, then v:e have s^ren that oven 
if we entirely eliminated the exhaust noise, the sound 
level would "be unchanged. Thus, there i s no point to re- 
ducing the exhaust noise unless it is louder than the pro- 
peller noise. Of course, some reduction (l to dh ) may 
he ootained in case the exhaust is no more than 9 deci- 
bels below the propeller noise. Before a.ny reduction in 
level can be obtained, it is always necessary to first re- 
duce the loudest offender. 

In certain aircraft, where the tip speed is still 
relatively lart^e, the exhaust needs no special mufflers or 
silencing; device. The usual procedure is to use exhaust 
collectors, with the exhaust-pipe outlet located well av/ay 
from the cabin so that the scroenin^i* effect of the nacelles 
or win^^s is used to ^;ood advanta-^e. Increasin-^ the dis- 
tance from the cabin is also of advanta.i;e since the sound 
intensity decreases as the inverse square of the distance, 
approximately. 

In the event that in some v:ay the contribution from 
the propeller has been reduced below the level of the ex- 
haust, some kind of siLencer will be necessp.ry. The 
National Bureau of Standards has conducted an investiga- 
tion to discover the nature of the action of a muffler 
and to test the effectiveness of various commercial and 
experiment mufflers (references 33 and 34.). 

Analysis of the action of the ordinary miUffler showed 
that it acted by modifying the flow of gas so as to gen- 
erate less sound, but did not act to absorb the sound af- 
ter it had once been created*. The working principle of 
some of the mufflers was chiefly one of reducing the tem- 
perature of the exhaust gas by an expansion chamber or by 
a large metal radiating surface. In addition, in some of 
these mufflers a turbulent gas flow, which caused convec- 
tion currents, increased the rate of heat loss. Then the 
temperature dro.pped, the density of the gas increased, as 
a consequence of which for a given energy of flow, the ve- 
locity of discharge of the gas was reduced. In the re- 
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sistance type of muffler, the flow of peases ^vas retarded so 
th?.t a oack pressure Tvas exerted on the engine with a con- 
sequent loss of power, Mufflers of this type arc too 
heavy. 

There are several types of mufflers which are "built 
for the purpose of attenuating the sound produced. In 
one, use is made of sound-ahsorlrent material which is ahle 
to ^vithstand the heat of the exhaust gases. Another type 
has built into it an acoustic filter, a device which dis- 
criminates against certain frequencies present in the ex- 
haust noise, so that these frequencies arc attenuated. 
Measurements on one type of engine (reference 34), an 80- 
horsepower. V-type , 8-cylinder, water-cooled, Hi spano-Sui za 
engine indicate that the exhn.ust sound energy is concen- 
trated in the frequencies "below 250 cycles and i:;reatcr 
than 500 cycles. Hence, the acoustic filter should "be de- 
signed to dissipate these two frequency regions. 

« 

One important conclusion of this investigation was 
that considerable reduction could be obtained r.erely by 
the use of a manifold system. Thus 7 decibels was gained 
when a side manifold tube 3 inches in diameter and 31 
inches long was connected to the exhaust port. Four open 
ports, 2 inches in diameter, were provided on the side 
manifold. A more complicated device containing a Siamese 
fitting between the exhaust port and the side manifold at- 
tenuated the noise 13 decibels. This indicates the order 
of effectiveness of such a simple device as a collector 
and a tail pipe. Of the 10 mufflers tested, half of them 
had a reduction of about 5 decibels; the other five were 
responsible for 10 decibels loss. The loss in horsepower, 
due to the addition of the mufflers, was less than 2 per- 
cent, while the manifold system was responsible for a 1- 
to 3-percent loss. 

It should be pointed out that the data on mufflers 
were obtained in the laboratory in a test set-up in which 
the propeller was purposely excluded, so that only ex- 
haust noise would be measured. In any practical attempt 
at airplane quieting it is desirable to know just which 
component, propeller or exhaust noise, is louder, and it 
is of advantage to make such observations on the finished 
airplane. A method of separating the components has been 
indicated by Spain, Loye , and Templin (reference 28). 
Some of their results are given in a later section of this 
paper (p . 49 ) . 
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En.^;ino noise, in which ^YG nay include valve and ta}^-* 
pet clatter, c^eav , carouretor, and suporchar^^or noine, is 
usuo.lly ""onlov; the level of the exhc^.UGt; Some fi5;iircs ^vo 
have 'T.lready quoted (p. 15) and sorio obtained at the 
iTational Bureau of Standards (reference J?4), indicate that 
the difference is ahout 14 or 15 deciools. IJaturally, the 
en-^ine may cause a ^^reat deal of distur'oance hecause of 
vi oration transmitted to the cahin structure. Care should 
"be taken therefore to secure a proper ela^>tic suspension 
for the en5;ine. Zand (reference 3?.) states that a reduc- 
tion of 2 or 7i decihels was obtained in one partictilar in-* 
stallation in which a resilient moun.tin^ was used. He ad- 
voc&tes the use of ruhoer under shear for mountinf^ pur- 
poses, as it fc^ives a threat er vihratory attenuation than 
the ordinary ruhher under compression, A method of calcu- 
latin^s the load on the rulDher supports is also given hy 
Zand, Cf course, it is of advantage to have the suspen- 
sion fii.tin<^s as close as possihle to the center of grav- 
ity of the en^^ine. Additional refinements from the quiet- 
in? viewpoint are flexible pipes and tuhin? "between the 
v^T^^'^iie and the nacelle, the ri^^id wall of ordinary pipe 
linos hein^^ more apt to vi orate than the discontinuous 
structure of a flexible conduit. 

A particularly disconcerting effect which may be ob- 
tained in nult i en-'^ine installations is the phenomenon of 
beats between cnc^inos. These occur when two en'^ines are 
runnings at sli-t^htly different spced::^;tho net effect is a 
fluctuation in intensity v/hich nay bo as -^reat as 10 deci- 
bels. In the r.nodern Douglas airplanes (Bruderlin (refer- 
ence 21)), synchroni%ation controls are provided whereby 
beats are kept less than 1 in 4 seconds. Beats may also 
occur between different frequencies present in the complex 
striicture of airplane noise. 7hen they occur and are suf- 
ficiently loud to be disturbing, the approioriatc remedy is 
to chan^'e the freouency of the mechanical motion responsi- 
ble for the generation of this note. 



C. Aerodynamic and Ventilating Hoise 

The advent of streamlined aircraft, marking the rele- 
gation of the "stick and wire" structure and other aero- 
dynamically faulty airplanes to obsolescence, has made the 
aerod^rn^-mic noise level an unimportant factor compared to 
propeller and engine noise. If the lines of the airplane 
hull are kept clean, and obst r\ictions or protrusions which 
would cause excessive air turbulence are eliminated, noises 
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arising in thin nianner will not he t rouble some . Precau- 
tions to he taken in this category are the avoidance of 

leaks or openings in v;indoi^:G or doors and their appropri- 
ate installation to assure continuity of st reamlinini? . 

Under flight conditions, vrith variable stresses act- 
ing on the fuselage and door, it is possible for slii'-.ht 
openini?;s to appear where a perfect closure existed on the 
ground. Such openings introduce a new source of noise 
because of the turbulent state of the air at these small 
cracks .?.nd because they transnit an inordinate amount of 
sound into the cabin. An effective door catch should ex- 
ert pressure on all four sides; there are several such de- 
vices on the market. There is also a type which has a pneu- 
matic i^ar.ket which is capable of expansion upon reaching a 
^iven elevation (Zand, reference 32). 

In ventilating systems for aircraft, we have a per- 
plexinc"^ problem in which, apparently, the demands of t-ood 
ventilation are diametrically opposed to those of keeping 
the cabin quiet. To ^'et the required air flow, rather 
lar^e ducts must be used, and if these bo employed, suffi- 
cient sound may be transmitted into the cabin from the 
noisy exterior to make the interior equally loud. Similar 
requirements arise in air conditioning?, heatini^, and ven- 
tilating? units for ordinary building construction. The 
designer in this case turns to the use of sound-^absorbin^ 
materials which he employs as a duct lining. In the Curtis- 
Wri*:;ht "Condor" (Goldin^, reference 27), such a ventilating 
system is used. The ducts consist of two con cen t ri c tube s ; 
the inner tube is perforated and the space between the two 
is filled with ^lass wool which has ->^ood sound-absorbing 
properties. As the air stream passes throusjh the center 
pipe, the associated noise is attenuated. In .^^eneral, the 
attenuation or diminution in sound level is directly pro- 
portional to the len^sth of the duct. For example, if 
there is a decrease of 10 decibels for 10 feet, there will 
be a 20-decibel loss for 20 feet. It is therefore evident 
t ha t to ]c e 0 p the noise level low in the airplane, the i n - 
take opening should be as fr.r as possible from the point 
where the air is dischar-:;ed into the cabin. furthermore, 
the intake shoulo be located in a relatively quiet spot, 
say under a win*; , away from the propeller. 

The attenuation per unit len^^th vai'ies with frequency 
for any i^iven lining and duct opening; and is usually sm.all-* 
or ab both the low and the hi^^h frequency ends. There may 
sometimes be some residual sound, a tearin±^ or swishin-^ 



IJ.A.CA. Technical Note Ho. 748 



type of noise. To renedy, recourse rihoiild ''oe had to a fre- 
quency analyser to determine the frequency or frequencies 
present. An acoustic filter (p, 188, reference 36) may "be 
the proper solution if too \vide a frequency ran.-:i;e not 
present in the analysis. 

In certain instances, the difficulty may arise from a 
resonant effect, i.e., if the len^jth of the ventilatin-^ 
pipe ic' a multiple of one-half wave length (l/c^, 
4/2, ...) of the sound ^vave concerned; then the pipe ^vill 
he in resonance and the attenuation will he nuch less. 
Fi:-sure 11 (Schoch, reference 38) shows this effent. The 
influence of an openin^; of 15 centimeters length and 1,7 
centimeters diameter on the sound insulation of a hricV: 
wall was ascertained. Curve a represents the sound in- 
sulation of the wall without hole, and curve o with the 
hole. The hole is essentially a tuhe of 15 centimeters 
length and will renonate at certain select frequencies, 
namely, those for which the wave length of the sound is 2, 

2/?, 2/4, ... times the len.^th of the pipe. The 
first frequency in the series is approximately 1,150 cycles/ 

, 7>4400 
second (frequency = 2^^f/^ "^^^^ velocity of sound is 

34,400 cm/sec). Succeedin*-^ frecuen-cies will therefore he 
2,300» r'-^,4-50, 4,600, The arrows on the curves of fiP^- 

ure 11 show the minima which occur approximately at these 
frequencies. It will ho seen that 10 to 15 decihels more 
sound is transmitted at these frequencies than at others. 

This, resonant effect may hecome serious in some in- 
stallations if the tuhe len^'th i such as to resonate at 
the low frequencies from which airplane noise -^ets its 
loudest contrihut ion. Thus a 6-foot length resonates at 
04 cycles, and a 12-foot len^J^th at 47 cycles. In nodern 
airplanes the fundamental of the propeller note is low he- 
cause of the reduced tip speed, hut usually not lower than 
45 cycles per second, so that if ventilatine; pipes ho kept 
loni^fr than 12 fr-r.t, this anomalous transmission effect 
will not occur. Of- course, if the pipe len^^th is short, 
the hii;'hcr frequencies will resonate and they arc usually 
less ohject ionahle than the lower tones. A frequency anal- 
ysis of the offending; residual sound will show if it'^has 
the frequencies associated with the length of the pipe. 
This lenf^th may ho chan^'^ed so that maximum attenuation is 
ohtained hy r.akin-n; the new len^^th l/4 . 3/4, 5/4, of a 

v.--\ve len-2;th. That is, if 1 = length of tube, and L = 
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the wave length, minimum attenuation occurs when I ^ 

~> ~» and maximum attenuation when I - ♦ • ••• 

The lengths of maximum transmission occur halfway "between 
those for minimum transmission. 

The size of the conduit which should "be used is deter- 
mined "by the rate at which air is to he supplied to the 
cahin and the maximum speed of flow commensurate v:ith pas- 
senger comfort. Zand (reference S2) states that 15 to 20 
kilometers per hour is "the maximum speed of air which 
will not create draughts" and that ^^0 cuhic feet of air per 
person per minute will do in normal weather, while on very 
hot days, up to 60 cubic feet is necessary. 



D. Secondary Hoise Sources 

The term "secondary noise sources" refers to noise 
arising from vibrating objects in the cabin, such as bulk- 
heads, floors, baggage racks, chairs, and other auxiliary 
equipment. These give rise to air-borne sounds which may 
be particularly objectionable, as they are, in general, 
intermittent in nature. Furthermore, vibration of furni- 
ture or floors may give passengers an unpleasant vibratory 
sensation. 

The fuselage of an airplane is subjected to sudden 
changes in stress, to shocks, and to vibratory motion 
arising from prime movers and intense sound waves. If any 
cabin fixtures be connected directly to the fuselage, they 
will be set into vibration. To remedy this undesirable 
condition, it is well not to mount cabin equipment on the 
fuselage directly or, if this is necessary, to use shock- 
absorbing mountings of rubber, felt, or any other vibra- 
tion damping material. Floors, for example, should be 
mounted on an isolation system, say, of rubber, felt, or 
cork pads. Panels of the cabin trim should be fastened 
rigidly, and any large unsupported structural elements 
should be avoided, as they will readily cause a low-pitched 
drumming effect. The ideal cabin, from this viewpoint, is 
one in which no part is compelled to take the stresses to 
which the airplane is subjected, Intercabin bulkheads or 
any other internal bracing can be readily avoided by the 
use of monocoque constructions or "self-supporting U- or 
Z-shape rings (Zand, reference 32)." 

Windows, if attached directly to the cabin trim, wtll 
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create a hi t^h-pi t ched disturbance in the immediate vicinity 
of the passenger. Appropriate ruhl^er fittini^s for mount- 
ing* the windows are aYaila"ble on the market. One patented 
construction, figure 12 (Zand, reference 32), provides a 
rubher channel into which the ^lass i$ inserted. Provi- 
sion is made for the rubber to move in two directions, 
both laterall;;r and vertically, so that the vibration is 
readily attenuated. The energy dir.sipation of such a ma- 
terial arises from its ability to chan£;e its shape under a 
load. Actually, if the rubber is not too soft, it will be 
found that it is almost incompressible when confined. It 
is, therefore, well for the designer to allow rubber or 
other resilient supporting material room for expansion or 
cont ract i on • 

Other minor pieces of equipment, "such as ashtr3ys, 
drinkin^^ glasses, mirrors, fire ext in^^ui she r s , and seat 
belts" should be securely fastened to the cabin to elimi- 
nate the possibility of their rattling or buzzing. Eter- 
nal vir_;ilance is the price of keeping these annoyances 
from croppin*^^ up» Mountin-^^s and fittings should be peri- 
odically inspected. 

Attention to details vrhen installing cabin eouipment 
will pay. Secondary noises, then, may be kept to a mini- 
mum. With the principles detailed under the other sec- 
tions A, B, and C, the designer may choose his operating 
conditions and pattern his design so that a material re- 
duction in noise level of about 20 decibels is obtained. 
His untreated cabin, however, is still much too noisy, the 
level bein^; about 100 to 105 decibels. For comfortable 
surroundings and unimpeded ability to converse, the sound 
intensity should be reduced to that in the V-16 and V-12 
passenger cars of table I, i.e., between 79 and 84 deci- 
bels. A further reduction of anywhere from 15 to 25 dec- 
ibels, and in some cases ?0 decibels, nay be necessary. 
For this, recourse must be had to the principles of sound 
insulation and sound absorption. T7e shall show that by 
making use of these two principles, it is possible to gain 
up to decibels for a reasonable amount of additional 

weight. However, before discussing thir^ phase of the prob- 
lem, we should like to round off our present discussion by 
giving some additional means available to secure a reduc- 
tion of noise level without soundproofing. 

. One of these schemrs has been indicated by Bruderlin 
(reference 21), He found that by curving the fuselage 
section, less low-f reouency sound would be transmitted 
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into the airplane than if the section were flat. Thus, 
in the DC-2 , a d ef o r*!?iat i on of the section to a 50-inch 
radius produced an improvement of 6^ decihels at 50 cycles 
per second, while a 100-inch radius was 2^ decihels better 
than a flat section. The appropriate radius is. of necec- 
sity, a compromise hetween decihel §ain and necessary in- 
terior space. Analyses of the di s t rihut ion of noise in 
the cahin have shown that the front of the airplane is, 
in general, noisier than the rear* For example, current 
practice amon;^' airplane manufacturers (reference 35)- in- 
dicates that sound levels run from ahout 83 to 91 deci-- 
hels in the cahin and 85 to 102 deci^bels in the pilot's 
quarters. It therefore follows that ha^fiiaeje rooms or mail 
compartments should he placed in "between caoin and cockpit, 
so that the cahin is removed from the noisiest part of the 
airplane. On the other hand, rest rooms should prohahly 
"be well in the rear, toward the quiet end since, for the 
passenger who is sick or desires rest, a noisy environment 
will accentuate his discomfort. 



IV. SOUNDPHOOFIlia THE AIRPLANS 
A. The IToi SG-Heduction Factor 



The process of soundproofing is dependent upon two 
different physical phenomena, sound absorption, and sound 
insulation. Just where the distinction arises may he seen 
from the following; illustration. Imagine yourself the 
owner of a hoiler factory. The din is terrific; workmen 
are suhjected to the enervatin<^ effect of unceasin.? noise. 
Furthermore, the people who are unfortunate enough to live 
in the nei^hho rhoo d are complaining : "Your factory is un- 
bearable. " You have two distinct problems to solve: one is 
to reduce the sound level within the building in order to 
relieve your employees, and the other is to prevent the 
noise from leaving the building - for the relief of your 
neighbors. 

If you think you would first like to set your neigh- 
bors at ease, then what you must do is to change the con- 
struction of your walls so that they become more effective 
sound insulators. It is possible to achieve this in- 
creased efficiency in several ways, one of which is to in- 
crease the weight of the walls considerably. The heavier 
wall transmits less sound, but to secure all of the addi- 
tional insulation desired a more complicated solution may 
be necessary. 
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However, having iDuilt this wall has not ^iven respite 
to your workmen; the noine is still just as loud on the 
inside. Recourse inust "be had to sound-a "bso r oin^ materials, 
the application of which to the walls of the interior will 
afford a material reduction in loudness. Furthermore, the 
use of al3sorption in the interior also helps to reduce the 
sound-level exterior to the "building. If the sound level 
is reduced 5 decibels on' the inside, it will also loe 5 dec- 
idels loss on the outside. In this sense, the utilization 
of sound ahsoroents may he said to have some sound-insulat- 
ing value. However, since it is usually not poss-ihle to 
secure a reduction of more than 7 decibels hy this means, 
it is necessary to make special provision for sound insu-- 
lat ion . 

Of course, in quieting an airplr-ne, the point of view 
is reversed; the noise exists externally to the airplane 
and what is desired is to prevent the transmission of sound 
into the interior. However, havin-? once penetrated into 
the cahin, acoustical materials may he applied so as to 
diminish the sound level. Soundproofing^ a caoin thus re- 
solves itself into an attack on two fronts, the ohjectives 
of which are: "Keep the noise out and keep the noise down«" 
On vrhich of the two hat t legrounds the stron-^^er efforts 
should he exerted will he evident from consideration of the 
noise-reduction formula which we now deduce. 

As an approxima^tion to the actual physical situation 
encountered under flight conditions, the following set-up 
is considered. We have .a cahin which nay he thou^^ht of 
as a lars;e box, this box being suspended inside of a still 
larger bos:. A source of sound is situated exterior to the 
cabin, as a. result of which there will exist a certain 
sound field in the space between the two boxes; it is as- 
sumed that at all points in this field there exist equal 
amounts of sound energy. The total amount of sound energy 
present in the S23ace exterior to the cabin will be denoted 
by Eg, a,nd the amount of sound energy which is invcident 
on unit area of the cabin surface on its exterior f^^id.e in 
unit time, will be E . Of t:iese E^^ units of sound 
energy, only a. certain fraction will be transmitted into 
the interior of the cabin. The fraction of the incident 
energy which is transm.itted into the interior of the cabin 
is known as the t ransmi ssi vity , and will bo designated by 
the symbol T, Hence, per unit time, the total energy ap- 
pearing in the cabin is TE'e^» S being the total sur- 
face area: Within the cabin there exist E. units of 
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energy, as a result of which E*j^ units of enerigy hit unit 
area of the interior in unit time. The cahin is lined 
with a surface finish which has a sound-a^bsorpt i on coeffi-- 
ciont a. This means that of the E^j_ ener^^y units strik- 
ing unit area of S, a certain fraction, a will he ah- 
sorhed. Hence, aE'j^S units of energy are ahsorhcd in 
unit time. In addition, there is also a cortain transmis- 
sion of energy from the interior of the cahin to the exte- 
rior, i.e., of the E^j^S energy \inits incident on the in- 
terior surfpvCe TE'iS energy units appear externally. 
When equilihrium is attained., there must he just as much 
energy appearing r^.s is disappearing in the cahin, so that 
we have : 

TS'eS = cxE'iS + TE'iS (6) 

whenc e 



(7) 



The sound energy striking the cahin wall on its inte- 
rior side is a function oi the total sound energy present 
in the interior of the cahin; in fact, it is possible to 
show that in the ideal case assumed here the two are pro- 
portional* Similarly, the sound energy incident on the 
exterior side is proportional to the energy exterior to the 
cahin, so that 



E 4 Ei 



(8) 



The difference in sound level in decihels "between the 
outside and the inside is known as the noise-reduction fac- 
ial 
Ei* 



tor and is equal to 10 log^o '^^ * that the 



Noise reduction in decihels = 10 log^^ ~"tS^ 

A surprising fact will at once he evident from equa- 
tion (9), If there is no absorption within the cahin, 
'i.e*, a = 0, the sound level within will he equal to 
that without, no matter how effective the wall is in pre- 
venting the transmission of sound. Physical considera- 
tions show at once why this must he so. Any sound energy 
which does get into the interior is not ahsorhed and hence 
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will persist for a very lon§ time.' (There v;ill "be some 
loss at each incidence on the calDin ?rall due to transmis- 
sion throiL^h the wall; hence it rill not persist indefi- 
nitely.) As more and more energy is transmitted from the 
outside, the sound level will continue to increase until 
the external and internal intensities are equal. EquiliT)- 
rium will then set in and the t\70 sound levels will oe 
equal. Thus, it is necessary to have some absorption in the 
ca"bin, else an effective insulation scheme will he of no 
avail. 

It will he noticed from equation (9) that to ohtain 
lar^e sound reductions, we must have a low t ransmi s si vi ty 
and a hi^^h absorption coefficient. Figure 1^^, in which 
the decioel reduction calculated from equation (9) is plot-- 
ted for different values of T and a, illustrates this 
fact. (Of. fi^. , reference 33.) It will he seen that 
the maximum rediiction occurs at the lowest t ransmi s si vi - 
ties and the hi£;hest absorption coefficients. Furthermore, 
if there is very little absorption, the reduction is small. 
However, for low t ran sm.i s s i vi t i e s the reduction increases 
much more rapidly for small values of a than for the same 
values of a at larger values of T. Thus chan^in^ the 
absorption coefficient from 0 to 0.2 results in a change 
of 23^decibels for T = 0.001, of 1?.3 decibels for r = 
0.01, of 4.7 decibels for t = 0.1, and of 0.8 decibels 
for T= 1. On the other hand, if we change from a = 0 . ?_ 
to a =.1, we 2;et less varied reductions for the various 
T^s, i.e., 7,0 decibels for T = 0,001, 6.7 decibels for 
T = 0.01, 5.3 decibels for T = 0,1, 2.2 decibels for 
T = 1. '^or the same increase in a, the decrease in the 
sound level within the cabin is ^^reatest for low transmis- 
si vi t i es . 

Another important consideration which is evident from 
these curves will be illustrated by the followini^ example: 
Suppose a = 0.1 and T = 0,01; the noise reduction is 
10.4 decibels. If we wish to ^^ain another 10-decibel re- 
duction, we may do one of two thint^s : change the interior 
treatm.ent so thrt the absorption coefficient increases 
from 0,1 to 1, or, keeping a fixed at 0.1, chan-^^c the 
cabin wall structure so that T decreases to 0.001. Ei- 
ther of these treatments will result in a further decrease 
in level of 9.6 decibels. The answer to the question as 
to which of these two possibilities is most ad vs.n t e ous 
depends on the relative wei^'^hts of the proposed treatm.ents; 
the best solution is that which requires the least addi- 
tional weight, other thini^s bein*; eqi^.al. In any particular 
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case in v:hi ch it is contemplated making; a choice "between 
decreasing t or increasin-^ a and in v:hi ch the \vei*?hts 
of the proposed treatments are known, the most appropriate 
answer can "be readily obtained from the noise-reduction 
factor . 

The ahove theoretical development is to "be considered 
only as a very approximate one. It deals v;ith a hitjhly 
idealized caoin, which may "be considered very simply ns an 
^I'^^P'ty room, devoid of an,y accessories and liaving all rides 
of uniform construction and surface finish. Under these 
circumstances, the t rp.nsmitt in^ and a'bsorhin^ surfaces are 
the same, and the t ransmi s si vi ty and absorption coeffi- 
cient do not vary from wall to v;all. In our real cahin, 
however, the transmitting and a"bsorhine; surfaces are not 
equal. The ca'bin floor may have little absorption value 
"but may he a very effective insulator. ' People, upholstered 
seats, various furniture pieces within the ca'bin have some 
ahsoroing a'bility. Furthermore, a and T vary in dif- 
ferent parts of the ca'bin. Glass windows have a"bsorption 
and t ransiai ssion coefficients (a and t) which differ from 
that of the other ca'bin units, such a-s v;alls, "bulkheads, 
floors, etc* Equation (9) may he modified to take these 
various factors into account. The total a'bsorption in the 
room is not aS hut a sum of the terms a^^S^^ + cx^a^s 
'"3^3 + . . #' , where is the absorption coefficient of a 

srurface which has units of area, the absorption 

coefficient for units of area, etc. Similarly, the 

total transmission is ^iven by ^x^x '^c: ^2 "^5^3 •••» 
v;here T^^ , To, T3 , ... are the t ran smi s s i vi t i e s for the 
different surfaces havings the area s^^, Sg • S3, ••• 

If we let A = a^^Si^ + a^S^ + = absorption 

T = T.s, + T^s^ + . . . = t ransmittance 

we ^et for equation (9): 

Noise reduction (db) = 10 lo^^^ ^^-^ = 10 lo^ioTl+f) (lO) 

For reductions £;reater than about 20 decibels th is much 
■greater than 1, so we ^^et 

Koise reduction ( db ) = 10 log^o ff^! 
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B. Sound AlDsorption 

To calculate the noise reduction one may olDtain in aviy 
soundproofing scheme, it is necessary to know the ahsorp- 
tion coe'^ficient a,nd t ransini s si vi ty of the materials used. 
Methods are availal)le to determine "both of these quanti- 
ties in the lahoratory. The most reliable test procedure 
for determining nr., now in i:.se, is the reverherat i on-room 
method, in which the time it tak^s for sound in a room to 
decay through a specified nunher of decihels, is measured. 
Sahine first showed that the total absorption in a room, 
A, is related to the time of decay for a ran-^e of 60 dec- 
ihels (the so-called " r e ve rhe rat i on time" tT ) and to the 
volume of the room V, "by the formula 

0- = 0^05 V (IP) 
A 

where is in seconds and T in cuhic feet. Thus, to 

determine a, it is necessary to measure the reverhera-- 
tion time with a known amount of material in the reverter- 
ation chamcier. Correction must *be made for the absorption 
of the empty room. 

There are several features of importance ahout sound- 
ahsorhin^? materials which should he pointed out. Absorp- 
tion of sound ener^^y may occur in either of two ways: 
throuv^h porosity or diaphragm action. A material which is 
effective because of its porosity, consists of a •::^'reat 
number of intercommunicating pores, fissures, or cells. 
The sound wave incident on the surface penetrates into the 
interior by means of the small openings in the material 
but, in travelin^.^ down these capillaries, the wave motion 
is resisted by a viscous dras exerted by the capilla^ry 
walls. As a result, some of the energy in the wave is 
di s iijat G d by this frictional force and is converted into 
heat. It is at once evident v^hat the effect of thickness 
is. If the material is too thin, the wave will be reflect-* 
ed off the back surface after havin--^^ benn only partially 
dissipated, so that considerable ener^^y will be reflected 
back into the room. If the material is thick enough, the 
wave may be absorbed to siich an extent that what is final- 
ly returned to the room is considerably attenuated. 

Some fi^;iircs i.;iven by Knudsen (p. 191, reference 3?), 
show the effect of thickness on the absorption of Balsam 
Wool at different frequencies. These are given in table 
III, 
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TABLE III 



Variation of aosorption coefficient of Bp.lsam T7ool 
v/ith thickness and frequency (cycles per Becond) 

j Aonorption coefficient at frequencies of: 



Thi ckne 5 s 


128 


255 


512 


1024 


2048 


1/E inch 


0.0 5 


0.2 2 


^"~oT4l""' 


0.58 


0.57 


1 " 


.10 . 


.25 


. 46 


.62 


. 60 ^ 


?. " 


.21 


.38 


.58 


.59 


.70 


4 " 


. ^4 


.48 


. o5 


.75 


. 75 



It will "be seen that t 
tiiickneos dccurn at the lo\'? 
eral conclusions are valid 
eral Gt-itement can "be male 
porous naterials, viz, the 
ly proportional to thicknrr. 
cles per r^econd for thickne 
A D o V e t h is f r e o n o n cy , for t 
the coefficient is approrcirn 
r.li^ijhtly; for smaller thick 
nesG is usually not predict 



he /,reatest increase with 
ei* frequencies. While no £;en- 
for all materials, a very ^en-' 
which covers the action of all 
a'bsorption coefficient is roui^;h- 
5 for a frequency of 128 ey- 
ases as lar^e as 3 or 4 inches, 
h i c rC n f^- s s c s r e a t e r than ? i n c h c r , 
atoly constant, hiit may increase 
nessos the variation \rith thick- 
aT^lo. 



In t 

mat e r i al 
from the 
this vihr 
cons i d G ra 
vibrate o 
e d on t h o 
it cannot 
itself is 
or fasten 
vidual un 
the pes si 
consi dora 
is to t^ta 
ed. The 
in«^;s is u 
the folio- 
Standards 



he phenoTnenon of diaphragm action, the acoustical 
vihr.ates in such a fashion as to ahsorh ener^^y 
sound wave. Since it requires ener^^y to maintain 
ation, the reflected r;ave from the material is 
hly attenuated. IVhethcr a material is free to 
r not depends on the ^nanner in \vhich it is mount- 
Tvall rhich it covers. If it is mounted ric^idly, 
s.ho\7 this diaphra^^m action, provided the wall 

is mounted on ^vood studs, 
moans, so that the indi- 



Ho\7ever, if it 
ny other similar 



its od^es, then it he 



ri^i d 
0 d hy , 

it is held fast only at 
"bility of hchavin-:^ like 
tion , therefore , 
te lust how the 
application of such data to other types of mount- 
sually unreliahle and incorrect. For example, 
.7in^^ data ^vore tpkon at the Ilational Bureau of 
(p, 5, reference 3) on a certain acoustical tile 



a diaphragm. An important 
in .^^ivin?; ah sorption coefficients 
^7ere mounted when test- 
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(Acousti-Gelotex . type 02, II/I6 in. thick) \7hi ch was 
stuck on t^iypsuin wall'board "by means of an adhesive. The 
wallTDoard was placed on the floor of the r e verherat ion 
room and tested. It was also tested after it had heen 
nailed on to 13/l6- ty 2-inch furring strips 12 inches on 
center. The results are as follows: 



Mounting 
Cemented onto wallboard 


__12_8 
0.11 


__256_ 
0.31 


__512_ 
0.71 


__1024__ 
0. 80 


204 8_ 
0.67 


4095 
0.57 


Nailed to furrin? 


.14 


.55 


.63 


.73 


.67 


.55 



The diaphragm action is especiallzr evident at 256 cycles 
per second. 



In this connection it is Avell to note one other point. 
If the material is tested in the laboratory in small indi- 
vidual tile units and then, in the actual installati on » is 
applied in larger units, the use of lahoratory coefficients 
may he inaccurate, especially at the lower f req.uenci e s . 
At these frequencies the tile may he in resonance (normal 
vibrational modes), and since these resonant effects de- 
pend on the size of the unit the coefficient will "be dif- 
ferent for the two tiles. In fact, laboratory data ohr 
tained at frequencies of 128 cycles or leos may not he too 
close to the actual coefficients which obtain under the 
condition of mounting in an airplane, since at these fre- 
quencies there is considerable vibration of the airplane. 
This is, of course, only true for those materials which 
are sound absorbers by virtue of their vibratory charac- 
teristics. 

vSome commercial products are manuf a^c tured to £;ive 
this diaphragmatic absorption. In general, they consist 
of a flexible external sheet of some kind - paper, wood, 
doped fabric, or metal foil backed up by ?n air space. 
One of these is "vibrafram," which comes in 13- by I'-inch 
units, and has a stiff sheet of felted paper shaped to 
form a sort of hollow pan. The base is arran^ged with a 
lip so that it can be pasted onto any surface desired^ 

It is the characteristic of this type of absorption 
scheme that the coefficient is a. maximum at one frequency 
and tapers off at all others. The 2;raph of absorption co- 
efficient versus frequency is resonance-like in nature. 
What is taking place is, that at a certain frequency res- 
onance occurs, as the combination of vibrating diaphra<?ra 
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plus air-i?pacc forms, in effect, a mechanical system of a, 
masF? on a spring, in vrhi ch the diaphragm may oe considered 
as the mass and the volume of air enclosed hy the vihrat- 
ing membrane as the spring. That is, the enclosed volume 
of air acts as if it possessed stiffness, and this latter 
is the property of a spring, 

Moyor (reference 8) has shown that if a wall is cov- 
ered by a stiff mem*hrane of this kind, of mass m per 
unit area and distance I from the wall, the resonant 
frequency is given "by the following formula: 



where f is in cycj^les per second, m in grams per square 
centimeters, and I in centimeters. Figure 14 gives the 
results of Meyer's measurement on "brown wrapping paper 
placed at a distance of 5 centimeters from the wall. 
Curve a is with the air space, and curve "b is with the 
space partially filled with cotton waste. The cotton was 
introduced in such a fashion that it did not touch the 
vibrating diaphragm. Its only effect was to absorb the 
sound waves which were produced in the air space, especial- 
ly those waves traveling in a direction parallel to the 
face of the paper. By using several layers of material 
separated by an air space, it is pcr?sible to get good low- 
frequency absorption over a fairly wide ran^^o. Figure 15 
(Meyer, reference 8) shows the results obtained in an ar- 
rangement using throe layers of oilcloth, with an air 
space of 5 centimeters between each layer. The theoretical 
ex2^1anation of this action is based on the mechanical anal- 
ogy of this arrangement to an electrical filter which 
passes high frequencies only. 

While porous materials are generall3^ inefficient at 
the low end of the frequency range, but are much more ab- 
sorbent at the higher frequencies, those arrangements de- 
pending on diaphragm action have a maximum absorption, at 
the low end. To obtain good absorption over the whole 
range, the logitsal procedure would be to attempt to com- 
bine these two effects. This may be done, as we have al- 
ready pointed out, by using a mounting for the porous ma- 
terial which will permit vibration, if the material is 
sufficiently rigid to be capable of vibration. Another 
possibility is one in which the porous material is at- 
tached to a stiff membrane so thnt absorption occurs due 
to both porosity and vibration. For example, some figures 
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o'btaineA at the National Bureau of Standards on a commer- 
cial product "Limpet," \7hich is sprayed ashentos mixed 
with a "oinder to make it cohere, are ^iven helow. The as- 
hestos ;Yas sprayed on metal lath, thus making; possihle dia- 
phragm.atic motion'^ and also on wall'boai^d, in \7hich case 
the ahsorption would "be due to porof!ity only. 



Mount in? 

Sprayed on 
wallboard 


Abcsorpti 
128 

0.13 


on coe 

256 

0.31 


f f iciei 

512 

0.. 66 


its of ; 
1024 

0.83 


sprayed 
^ r^048 

0.74 


as"be sto s 
4096 

0,66 


Sprayed on 
metal lath 
and surface 
painted 


.57 


. .71 


.80 


.56 


.51 


.52 



The thickne?;s of the layer rra.s 3/4 inch. There v;as 
approximately a 3-inch air space ochind the metal la.th. 
The much higher abnorption coefficient resulting from dia- 
phraf^m action is evident at the lower frequencies* The 
Limpet sprayed on metal lath was painted with several 
coats of paint. This causes a reduction in the coeffi- 
cients at the three hi.^her frequencies since the paint 
film prevents entrance of the sound wave into the pores in 
the interior of the material. On the other hand, it stiff- 
ens the surface of the naterial, so that the meTrihrane ac- 
tion is enhanced at the lower frequencies. In another 
sample, in which Limpet was sprayed on metal lath and then 
painted, the ahsorption at the hi^h f requenci e s' was not 
reduced "because of the existence in the painted surface of 
a i^reat number of holes which permitted penetration of the 
wave directly into the air space. Once in the air space, 
the sound experiences a dissipative effect at the ahsorh- 
ent undersurfacc of the sprayed ashcstos, and hence the 
absorption throughout the v/:iole freqtioncy .ran^^c is in- 
creased. The material, liashkote, developed by Johns- 
Manvillc (reference 32) combined these two principles, 
porosity and diaphragm action, to produce an absorbent 
which was effective at all frequencies. 

Some other ar rant^emcnt s have been ^ivcn by the G-crman 
inve st ii^\ators , Wchner and Willms (reference 30). For ex- 
ample, they used a 3-millimeter plywood sheet, perforated 
with ^-millimeter diameter holes, and backed up 'bj 6-nilli- 
meter Calmuc (Grerman trade name of a porous ipaterial) and 
a 50-millimeter air space. This arran<^em.ent shows a reso- 
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nant effoct dependini? on the distance from the wall. At 
the wall a standing wave system is set "up , and the par- 
ticle velocity of this wave is a maximum at a distance of 
1/4 wave length (of the frequency concerned) from the 
wall. The amount of sound eneri^y d.issipated depends on 
the viscous resistance of the pores, and this is a maxi-- 
mum when the particle velocity is a maximum, so that at a 
distance of l/4 wave length the ahsorption coefficient 
will he isreatest. At frequencies hetween 400 and 1,000 
cycles per second this set-up ;'ives a coefficient of ahout 
90 percent, while at 100 cycles the ahsorption is only 10 
percent. Of importance is the acoustical resistance of 
the hacking layer. Tor hest results it should match that 
of the air, i.e., 42 acoustical ohms. 

Wehner and Willms also report some measurements in 
whi ch CO ef f i ci ent s close to 100 percent were o^btained 
over a narrow "band of frequencies. These were all reso- 
nant arrangements similar to Meyer's, the only difference 
heing that on the "back of the surface membrane (either 
perforated plywood or oilcloth) felt was applied. How- 
ever, the absorption coefficient at other frequencies was 
less than 10 percent. For example, the oilcloth-felt ar- 
rangement with a 50-millimeter air space, ^ave the follow- 
ing coefficients at 100, ?0Q, 300, 400, 500, 600, 800 
cycles per second, r e sT)ect i vely : a = 0,04, 0,07>, 1,00, 
0.65, 0.45. 0.25, 0.0?'. 

It is well to observe here that any surface covering 
applied over the face of a m.aterial is apt to change its 
coefficient. If the coverin-^; is very open, such as any 
perforated metal, wood, or fabric, or any open-weave cloth, 
the coefficient may chan^;e cither way, i.e., increase or 
decrease, but usually not very m.uch. In soundproofing 
airplanes the practice is to use pads or blankets of light- 
weit^ht fibrous mate-rials which are "olaced betxveen the outer 
skin and the cabin trim. The trim may be a very open fab- 
ric, or perforated sheet of some kind, in which case the 
laboratory coefficients are lorobably unchan-2;ed; or the 
trim may be a heavy mohair, leather, or fa.bric of some 
kind. In the latter event, since the surface of the blan- 
ket is effectively screened by the external covering, the 
laboratory coefficients are no longer valid, unless the 
absorption has been m.easured with the particular covering 
actually used in the cabin. In oorne cases the materials 
may be covered with a special waterproofing finish or 
sheet, so that the effectiveness of the material will be 
practically all vitiated. The moral is: beware of extra- 
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neous surfaced finishes which prevent the penetration of 
sound into the ahsorlDent; in any event, a test of the ma- 
terial with the covering on it, will determine whether 
the arrangement is satisfactory. 

By usin^ several layers of different types of "blan- 
kets or sheets, it is possihle to ?et a hi<^;h absorption 
over a considerable ran^e of frequencies. Some measure- 
ments made on 1-inch Fi>)er^:i;las and l/4-inch Unisorh Felt 
"by the National Bureau of Standards, are -^iven "below. All 
tests were made hy placing the material on the floor; on 
top of the "blanket a perforated iron sheet was placed. 
The Fiher^las and Unisorh Felt were first tested separate- 
ly, and then together, with the felt on top. 



1-inch Fiter^las 


1?8 
0.20 


255 
0.66 


5 IS 
0.92 


10 24 
0.93 


2048 
0.83 


1 

i4096 
0.88 


1/4-inch Unisorb Pelt 


.04 


.05 


.14 


.37 


. D b 


.86 


1-inch Filier^las + 1/4- 
inch Unisorb Felt 


.33 


.86 


. 98 


.97 


. 89 


.91 



T/hile the felt is not very ^ood at l^-^S and 256, it 
nevertheless prodiiced a considerable increase in the coef- 
ficient when it was combined with the Fiber^^las. If the 
coefficients of the individual layers are known, it will 
be seen from this example that it is not possible to pre- 
dict just v/hat the combination of the two will ^:;ive. As 
stated before, in an accurate prediction of the noise re- 
duction to bo expected, the absorption coefficient of the 
actual arrangement of materials to be used should be known. 

Of course, in making any choice of absorbents for 
aircraft, there are other properties v/hi ch should be con- 
sidered in addition to the absorption coefficient. The 
most im.portant of these is wei-?ht. The material used 
should have the minim.um of wei^jht consistent with good ab- 
sorption. Weight reduces the pay load, so that unneces^ 
sary weight is particularly costly. Bruderlin (reference 
21) has calculated that in the 5-year life of an airplane 
of the DG-2 type, the net average cost per pound of ex- 
cess weight is $325, a sizable figure, especially if the 
excess is very much. For this reason the designer in choos- 
ing his acoustical material must restrict his attention to 
the very light m.aterials. Fortunately, there is a fair- 
sized collection to choose from; in table IV we have com- 
piled the known absorption data on low density materials. 
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While a material may have hi^h ahsorption and low 
density, it still may not "be the "best one^to use, since 
there are certain other important properties which it may 
lack. In selecting the proper one to use, considerations 
should "be ^iven to such quantities as heat conductivity, 
moisture absorption, fire resistance, vermin resistance, 
disint eviration or packing under service conditions, chem- 
ical stability, etc. 

Naturally, it is of considerahle advantage if the 
product happens to a good thermal insulator also- In 
this connection there is prevalent a widespread irdscon^ 
ception to the effect that good sound absorhers always 
have low thermal conductivities. While this may he true 
in some cases, it is not necessarily so. All of the known 
thermal conductivities of products listed in tahle IV are 
given in tahle The thermal conductivities are given in 

terms of the K factor (B.t.u. oer hour iDer square foot 
per de^-ree Fahrenheit per 1 in. thickness). 

Under the extremes of temperature and weather condi- 
tions which aircraft experience, the condensation of mois- 
ture on the acoustical material is very apt to occur. If 
the absorption of moisture takes place, there will he a 
considerable increase in the weight of the airiDlane and 
the acoustical efficiency of the treatment may^ be reduced. 
In addition, the thermal conductivity will be reduced. 
For these reasons it is important that the material be 
waterproof. One hundred percent waterproof ness may be ob- 
jectionable in certain instances, however, as S. j\ Zand 
has pointed out to the author. If the material is placed 
next to the metal skin of the fuselage, say, glued on, 
then there will be formed slight air pockets between the 
skin and the back surface of the material. The water va- 
por originally present in these pockets will condense and 
if the absorbent is impervious to moisture the water can- 
not escape; whence the possibility of corrosion of the 
skin arises. If there is a slight avenue of escape left 
open for the water vapor say, if the material is not en- 
tirely waterproof - the danger of corrosion will be elimi- 
nated. To assist in the evaporation process, it is quite 
feasible to bypass some of the air stream from the venti- 
lating system through the space between interior trim and 
fuselage . 

An item which should not be overlooked is the question 
of resistance to packing or settling. Vibration of air- 
craft is severe, and changes in acceleration are large and 
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occur rapidly, so that a material which may he all ri^^ht 
for ordinary use may not "be particularly suited for the 
airplane. There is the possihility that the fihers or 
substance from which the acoustic hlanket is made may hreak 
up or suodivide.. As a consequence, packing will result and 
some of the compartments in the hlanket nay he hare of fill- 
in spots. 

C. Sound Insulation 

While the sound-ahsorpt i on coefficient suffices to de- 
scrioe the efficiency of the iriaterial as a sound ahsorher, 
the sound-transmission loss is the physical quantity which 
specifies its sound-insulation value, its ability to pre- 
vent the transmission of sound. Since the t ran smi s s i vi ty , 
T, represents a transmission of onGre;y, the resistance to 
t ran sm.i s sioh , or opacity to sound, would he represented oy 
1/t* The reciprocal of T, e::prGssed in the decibel 
scale is known as the transmission loss, i.e., 

Transmission loss (in decibels) = 10 Io^^^q (14) 

To clarify this concept, consider this situation. 
There are two adjacent rooms, in one of which is located 
a source of sound. As a result of this, a certain sound 
level exists in the other room. To keep the level down, 
the second room, is treated with a sound-absorbin? material. 
It is desired to know the intrinsic insulation value of the 
wall between the two rooms. The difference in the sound 
level existln.^^ on the two sides of. the wall, is due not 
only to its insulatin^^ efficiency but also to the absorp- 
tion in the receiving room, so that to -^'ot the effect of 
the wall itself, a correction must be made for the absorp-- 
tion. Prom eq^iation (ll), we have for difference in level, 
greater than 20 decibels 

10 10^,0 0 = 1" lo.?io (4) ^^^^ 

where E^^ and Eo are the soimd energies in the source 
and receiving room, respectively, A is the total absorp- 
tion in the receiving room, T is the t ransmi ssivi ty of 
the wall and S is its surface area, Solvinj^ for 

10 lo^iQ ^"^^ 
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The expression 10 lo^^o^f-^.^ is the transmission 
loss of the wall, 10 Io^^q f^-^i observed decibel 

difference, so that 10 log^^Q is the correction term 

which corrects for the effect of absorption. Furthermore, 
the appearance of the surface area in the correction term 
is equivalent to reducing the result to that which would 
be gotten on a wall of unit area. Thus, if S were one 
unit area, there would be no correction for area, since 
lo^iQ 1=0. It is apparent » then, that the transmission 
loss is the unique physical quant it:^ which is a property 
of the wall only. This makes it possible to compare the 
insulation value of different constructions by comparing 
their transmission losses. 

The example outlined above is the basis of one method 
of determining the transmission loss of different struc- 
tures. The panels are placed in an opening between two 
rooms, and the difference in level between the noisy and 
quiet side, the absorption on the quiet side, and the sur- 
face area of the panel are measured, these data sufficing 
to ^ive the transmission loss. This method is in use at 
the National Bureau of Standards and other laboratories. 

Observations made on a large number of panels of homo- 
geneous construction have shown that the single, most im- 
portant determinant of the insulation efficiency of a pan- 
el of this type is its mass. Figure 16 is a result of the 
work of Chrisler and Snyder (reference 24) conducted at the 
National Bureau of Standards (reference 7>7s) on panels con- 
sisting of single sheets of different materials. It is 
to be seen that for the very light 2^anels the average 
transmission loss* increases quite rapidly as the weight 
increases up to about 0.5 pound per square foot. From 
this point on, however, the curve begins to flatten and 
the rate of increase in insulation efficiency is much 
less. As a matter of fact, the curve of figure 16 can be 
represented on a logarithmic scale by a straight line. 
In figure 17, the transmission loss is plotted against the 
logarithm of the weight ( lb . / so . f t . ) . This straight line 
has been given by Chrisler and Snyder (reference 24) and 
is__^cpresented by the dotted line of figure 16. 

*The tests reported here were conducted in a slightly dif- 
ferent t-ashion from that now in uscj hence, while the fig- 
vires obtained are not strictly transmission losses, they 
are very approximately so. 
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In ta*ble VI the actual measurements on the different 
materials are .?iven. It is to he noticed that the trans- 
mission loss varies with frequency and that the panels 
are less effective at the low-frequency end. To specify 
the avera^^c performance of the panel , the avera^^e of the 
transmission losses at the three different frequency 
hands is 5;iven; in the future, in referrin^^ to the avora^^e 
transmission loss, we shall omit the word "average," 

It has been found that the s t rai§ht - li ne relationship 
between t ra.nsmi s si on loss and lo^^arithm of the wei-sht is 
valid for even very heavy panels. The desi>5;ner is clear- 
ly at a di sadvanta^^ e here. If he wishes to ^^et i^ood insu- 
lation he must resort to heavy structures. Fortunately, 
however, it is possible to ^et .greater efficiency by re- 
sorting to the use of composite panels. 

To illustrate the point, consider the case of three 
rooms arranged in a row in which room 2 is the center one, 
and rooms 1 and 3 the two extreme ones. Let us say, the 
separating partitions between the rooms are plywood, 0,125 
inch thick. If we have a source of sound in room 1, test 
no. 14 tells us that there will be a reduction in level 
of approximately 19 decibels between rooms 1 and 2 and, 
furthermore, between rooms 2 and 3, there will be another 
approximate reduction of 19 decibels, so that room 3 is 
about 38 decibels quieter than room 1. This is a very 
considerable reduction, inasmuch as an increase of 19 dec- 
ibels has been achieved merely by addin^:; another plywood 
wall. Hence, one mii-^ht expect that by using a double wall 
with an air space, the t ran smi r> si on loss v/ould be much 
larger than for the single panel and much i^reater than the 
weight relationship for homogeneous panels would require. 

In table VII is presented results on tests of two 
panels with an air space between them. 

The last column in the table is si r^nif i cant ; it states 
the c-ain in decibels of the double partition over the sin- 
^le homo en ecus partition which has the sa.me vreight • For 
example, consider test no. 26, in which two aluminum 
sheets 0.025 inch thick were separated by an air space of 
0.50 inch. The transmission loss was 16.1 decibels, and 
the v:ei^i;ht of the panel was 0,70 pound per square foot. 
From fi5;ure 16 we see that a homo-^eneous panel of this 
wei^-;;ht would have a transmission loss of about 21 or 22 
decibels, so that there has been an actual loss in insula- 
tion efficiency. In fact, not only is no. 26 less effec- 
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tive than a homogeneous partition of the same wei-^ht , hut 
it is also poorer than no, 11, in which only one sheet of 
aluminum was used. 

Thus, it will he seen that in practically all instances 
there is a loss instead of a gain. The effect of the air 
space, when the panels are very close, is to actually in- 
crease the transmission of sound. The difference "between 
these results and our idealized situation of the three 
rooms is to he ascrihed to the proximity of the two pan- 
els. For one thin§, a ^'ood share of the vihration of the 
first panel is transmitted throuijh the frame or common 
support on which the two are mounted; and secondly, the 
air spa.ce for these panels acts as a sort of elastic sheet 
which couples the two faces together. As the weight in- 
creases, however, the effect of the air space hecomes less 
important, so that a ?ain in transmission loss is experi- 
enced as, for example, no, 152. 

No. t?0 is interesting as it su^^ests a clue as to 
what is to he done to remedy the situation. Insulite is a 
sound-ahso rhin^ material, hen ce, in no* 3 0 the sound level 
existing; hetween the two partitions has heen decreased with 
a consequent increase in insulation. What is needed then, 
is; l) to ahsorb the sound energy present in the air 
space, and 2) to hreak the elastic tie which exists oc- 
tweon the two walls as a result of the air space. For 
these reasons, various ahsorhent layers were placed in the 
air space. First, fihrous hoards such as Celotox and In- 
sulite, v;ore tried. While there r:as an improvement over 
similar tests on the douhle wall with air space, the trans- 
mission loss was still 5 decihels less than that for a ho- 
mogeneous panel of the same wei^^ht (test nos. 33-36, ref- 
erence 33). For the low-^density materials such as Palsam 
Wool, hair felt, and cotton, the following results were 
obtained (tahle VIIl). 

"The cotton, hair felt, and l/P>-inch layer of halsam 
wool are seen to e;ive no improvement over a panel of equal 
weii^sht. The thicker layers of "balsam wool are seen to 
^ive an improvement of 5 decihels on the average.'* This 
reduction is what would he expected from a panel of more 
than twice the weii;ht. Another series of panels was meas- 
ured usin^ a dry zero blanket, which is a product made of 
kapok and is very li^ht, having a density of 1.14 pounds 
per cubic foot. The results are given in table IX. 

The largest gain was experienced in panel no. 50 but 
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it muPt be ruled out in this comparative series of measure- 
ments, since it was not of the same size as the other pan-* 
els. The "best panels from the point of view of highest 
transmission loss for least vrei^ht are no s . 49 and 51, bot- 
^ivin§ a transmission loss of about 30 decibels with a 
wei^jht of 1 pound per square foot. iTo . 51, however, has 
the disadvantage of having a highly reflecting interior 
surface, so th.at very little sound absorption will occur 
in the cabin. In general, the dry zero causes a net in- 
cro.'ise of 5 decibels, wh i c h is about the same as experi- 
enced ;7ith balsam wool, the dry zero panels , however, beins 
usxially lie^hter. Two other important r)oi^-'ts should be 
noticed. If the dry zero is compacted, as iA no.^53, the 
reduction will be reduced as there is then a more solid 
tie between the two surfaces, the packed-in material act- 
in^; to communicate the vibration from the front surface to 
the rear surface. In the two. li^^htest panels, nos. 44 
and 45, the dry zero is not as effective as in the heavier 
panels. However, if panel 44 be compared with 22, there 
is an increase of 9 decibels. 

The results presented in table lit are, in .general, in 
accord with a theory of Meyer (reference 7) on multiple 
partitions. This theory is of interest to us as it points 
out the limitations and -no s s i bi 1 i t i e s in the u^e of this 
type of construction. It will be briefly summarized here. 

Each partition with its accompanying; air space (or 
absorbent-filled si^ace) is considered as one of the iter- 
ated elements of an ac.ous t i cal-raechani cal system which may 
be reprooented by an annlo^^ous electrical circuit for 
which the mathematical solution is known. At low frequen- 
cies, such a combination has a small transmission loss. 
However, there exists a certain frequency (the "hi^h- 
frequency cut-off") £;iven by 

f„ = (16) 



c 



v/her e 



f^ is cut-off frequency in cycles per second. 

m, mass per unit area of one wall in ^/ cm^ . 

I, spatial separation between tv/o successive 
partitions . 

for which the transmission loss rises rapidly. 
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Fi'^ure 18 (reference 7) shows some results ohtained on 

a) a 15-sheet cellophane wall with an air space of 1^ 

centimeter and h) a ^-all consisting of 5, and 10 sheets 

of roofing paper with 1=2 centimeters. The cellophane 

is so lisht that the cut-off frequency is 6,700 cycles; a 

noticeable rise in the curve is evident at this frequency. 

For the roofing paper, f^ is reduced to 800 cycles per 

c 

second "because of the increased weight and air space. It 
will De noticed that all of the Id curves start to rise 
in the vicinity of 800 cycles per second; furthermore, for 
frequencies "below this frequency the threefold, fivefold, 
and tenfold wall give ahout the same results for the trans- 
mission loss. It is only for frequencies alDove f^ that 
the curves separate. Some other data of Meyer (fig. 6 of 
reference 7) on partitions having one, two, three, four, 
and five layers of plywood, show the same effect - no dif- 
ference for frequencies less than f^, with a consider- 
a"ble spreading for frequencies greater tha,n f^. 

Hence, to make an effective dou"ble wall, the mass 
should "be as large as possible and the air space should "be 
large. This will'make the cut-off frequency low and hence 
the transmission loss versus frequency curve will rise 
sharply. In the light-weight partitions measured at the 
N3S , f^ was relatively high. Thus, as an example, for 
panel 27 consisting of two aluminum sheets with an air 
space of 1,75 inches, f^ was 780 cycles. Since the 
highest frequency at which the measurements were taken was 
about 1,000 cycles, the value at 1,000 would not be much 
different from the other two measurements. In panel 32, 
f^ = 680; the transmission loss at 1,000 is considerably 
greater than that at the other two frequencies. 

The effect of the sound-absorbing filler is to absorb 
sound waves which travel to and fro in the enclosure par- 
allel to the wall surface. If this is so, it should not 
be necessary to fill the entire space with absorbent, but 
placenient around the boundary should be sufficient. This 
wa.s done on the multiple plywood wall with a result simi- 
lar to that obtained with the air space, except that the 
curves arose much more steeply for frequencies greater 
than the cut--ofi . Furthermore, comparison between the re- 
sults obtained on a multiple v/all with three plywood shoots 
v:hen the whole enclosure was filled with cotton waste and 
when only the boimdarios were lined, showed that they had 
practically the same t ran sm.i s si on loss. Figure 19 shows 
the effect of the introduction of the cotton on the bound- 
ary as compared to the empty air space. 
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The fact that it is rosGi'ble to t^et such a sizalilo 
increase in insulation efficiency merely by placement of 
material around the ed^e;es should oe of considerahle ad- 
vantage in reducing the weight requirement for soundproof- 
inf^ cahins. The author is not aware of the application 
of this? principle to airplane insulation. 

Most of the insulation schemes how in use may differ 
somewhat from those particular constructions listed in 
tables VI, VII, VIII, and IX; however, these tables are 
useful in estimating the approximate value of any contem- 
platpd partition by comparison of the desired construction 
with a similar panel listed in the tables. This is a risky 
procedure sometimes so that it is always advisable to ^et 
the transmission loss by direct measurement of a sample 
partition. 

Several investigators make use of a method which will 
give 'the relative values of different partitions. In gen- 
eral, this scheme consists in placing the partition be- 
tween two small enclosures. The difference in level which 
is observed is taken as the insulation efficiency of the 
partition. 2. P. Loye (reference cS) of the Electrical 
Rt'searoh Products, Inc., of Hollywood, California, reports 
a number of such relative measurements. H. Bruderlin of 
the Dou£;las Aircraft Company, of Santa Monica, California, 
has a nethod in which the source room is a 2-foot cube. 
Phono-;'raph records of airplane noise are used for a sound 
source, so that the over-all noise reduction is obtained. 
In a private communication to the author, Bruderlin states 
that over 300 variations of airplane partitions have been 
compared in this way. For purposes of standard! j^ati on , a 
panel having a known transmission loss should be m.easured 
so that all data may be referred to it. F. K. Teichmann 
(reference 29) has measured various felts in this way by 
usin.^ a rectangular box of two equal compartments. The 
opening used was about 21 square inches. 

Arbitrary measurements of this nature pre fraught 
with difficulties in the interpretation of the results. 
For one thing, the absorption of the panel face is not 
separated from the transmission loss characteristic of the 
panel. In addition, if the size of the panel is small it 
may be much stiffer than the fairly large-si^se unit typi- 
cal of an actual construction. For a small-sise panel, 
the way in which the ed-^es are clamped sometimes makes 
quite a difference. Sound-pressure mea sur em.ent s made 
close to the panel may be deceiving because of the stand- 
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ing wave system existing ?.it its face. If the two halves 
of the Dox in which the measurements are made are not iso- 
lated fron each other, there may he nore sound transmitted 
throu.^h the hox walls than through the panel, especially 
if the former are not heavy. To establish whether the ar- 
bitrary method places different panels in the same rela-' 
tive order as the absolute method, several panels , say 
three or four, whose absolute t ransmi s si on • lo s se s are 
known, should be compared by the relative method. This 
will ^ive an insight into the reliability of the resiilts 
so obtained. 



To a;ive the reader some idea of current practice in 
the soundproofing of aircraft, table X is i^iven. This ta- 
ble has boon taken from a report (reference 35) on the 
physical properties (from the textile t echnoloi?i st ^ s view- 
point) of the various insulating materials; the report was 
prepared by the engineering section of the Air Corps at 
Wrie;ht Field. 

Data on the transmission loss and absorption coeffi- 
cient of the various soundproof inig arrangements listed in 
table X have not been found in the literature. 



Soundproofing Procedures 

In predicting the noise reduction to be expected from 
any 5;iven treatment, we must, then, have a knowledge of 
the two quantities Q. and i; , However, since these two 
quantities vary with frequency, the question arises as to 
what frequency should be considered typical - how should 
the coefficients be avera?;cd? To answer this question, it 
is necessary to have a frequency analysis of the noise of 
the airplane. If the enorz^^y is fairly well distributed 
among the different frequencies, then the average transmis- 
sion loss and the average absor'ntion coefficient will suf- 
fi ce« If the noise oredorninat o s at certain f recjuenci e s . 
then an average over the dominant frequencies will give 
good results, Ar^ an illustration, we quote Zand^s figures 
on the Douglas DG-1 (rcfcronco 31), in which the energy 
betw^^en 64 and 512 cycles is 10 decibels above the energy 
between blZ and 9,192. To get the noise reduction, we use 
equation (11 ) : 

Noise reduction = 10 log,. 

t ransmi t tance 

The absorption coefficient was taken at the predominant 
frequency. Table XI gives these data. 
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Thii?> predicted reduction a-^i'^'^ed with the actual re- 
duction to v^rithin Z decibels. For purposes of calculating 
the contrioution of passengers and chairs, a figure of 7^ 
to 4 units of absorption per seated passenger r.ay he used 
(reference 9). This figure includes the absorption of the 
chair. 

From the calculation above, Ave may illustrate the very 
important effect of an o^ienin^ or highly transmitting sur- 
face, such as an open window. As an exaEiple, suppose a 
window is partially open, so that 1 square foot is exposed. 
The t ransrni s si vi ty of an open window is unity, so that the 
total t ransTii t ta.nce is increased from T = 0.87^5 to 1.8"5. 

Noise reduction = 10 lot^,n— = '25.1 decibels 

That is, 1 square foot of open surface in 860 will cause a 
reduction in efficiency of a little more thar^ decibels. 
If there are Gmall openini^s in the cabin, leaks, ventila.t- 
in*-:, system ports, etc., their combined area may be readily 
equivalent to the effect of 1 square foot. 

The influence of a small opening is dependent on the 
ra^tio of the size of the opening to the total transmitting 
surface, and on the t ran smi s si vi ty of the walls. It may 
be shown (p. 52, reference 38) that if the openin-^ has an 
area s, the panel an area S, and the t ransmi s si vi ty of 
tho panel is t, the noise reduction will be decreased by 

10 lo^'^^o (1 I decibels. Thus, if s/S ^ t, the re- 

duction will be decreased by ^ decibels. Using 3 decibels 
as the maximum diminution in level which is permissible, 
we can say that for a cabin which has a ?0-, 30-, 40-decibel 
transmission loss, the ratio of the total area of openings 
to the total cabin surface should not be greater than 0,01, 
0.001, 0.0001, respectively. 

Davis (reference 25) has calculated the noise levels 
to be ex;)Gcted within cabins of various airplanes on the 
basis of the theory outlined here. Usually his calculated 
values afi;reed with the observed values to within 2 decibels, 
althou;:2;2i some results differed by as much as 5 decibels. 

If the noise spectrum of thn airplane is known, it is 
possible then to predict tho level within th^ airplane. 
However, in the event of lack of this information, a fre- 
quency analysis should be taken. Fi^^uro 20 (reference 30) 
shows a frequency analysis of the G-e rman Fo cke-Wul f air- 
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plane F,W.-200, "before nnd after treatment (curves 1 and 2) 
and the treated NeulDau airplane (curve 3). It will 

"bo sncn that the noise predominates at the lowest frequen- 
cies and that the treatment (on the F.W.-200) is more ef- 
fective at the hi<^h frequencies. It will he noticed that 
tho noise reduction varies from ahout 15 decioels at the 
low frequency end to ahoiit 30 decibels at the hi^h end. 
Furthermore, reference to the loudness contours of the 
ear (fi^. 2.) shores that the loudness- level which the ear 
experiences for these various frequencies is very close to 
the noise-level curve ir^iven here. This is "because at these 
hi^h levels of ahout 100 decibels, the ear responds ahout 
equally to all frequencies. Thus the low-pitched notes 
contrihutc heavily to the loudness. 

Zand (reference 32) describes a method in which the 
hare airplane is first flown; a series of vioration am- 
plitude measurements is taken at various parts of the air- 
plane. Upon landing, particularly bad panels havini? con- 
siderahle vihratory motion are reinforced with hracin^i. 
In the particular airplane cited in Zand^s paper, this 
treatment resulted in a 3-dccibel decrease in level for an 
expenditure of 4,4 pounds. 

The airplane was divided into 35 stations, at each of 
which noise-level readings were taken, and at three of the 

stations a frequency analysis of the noise was made. This 
latter showed that the predominant noise existed at the 

f undair.ental frcauency of the exhaust = 1^3 cy- 

2 X oO 

cles, 14-'Cylinder engine runnin;; at 2,100 r.p.m») and of 

the -oroi^eller (3— ^-.ii^Q x - = 70 cycles, three-blade 
^ ^ 6 0 3 ^ » 

propollor with ^earin^). It was found both in the vibra- 
tion and sound measurements that the vibration amplitude 
and noise level were m.aximum in the front of the cabin, 
m.inimum in the middle re^^ion of the cabin, and avera^^e eat 
the ro''.r. These three sections were treated differently; 
section -A, the noisiest section, was treated with material 
which was ^lued onto the skin and is a very ^2;ood vibra- 
tion damper; section B, of minimum noise level, was treat- 
ed \Tith a sim.ilar hut lighter vibration ahsorher which is 
sufficient to damp li^^ht vibrations; and section G, of av- 
era-i;o vibration level, was treated with a similar materir^l 
of intermediate properties. The materials used v;ere kapok 
with a larc^e percentacje of paper pulp in it. This treat- 
ment produced a reduction of 6 decihels. 



IT.A.C.A. Technical ITote ITo. 748 



49 



For the reduction of noise an intermediate layer of. 
kapok v.'as installed* This layer was installed so as to 
"float" in the air space "between the first layer and the 
cahin trim. For the: position of maximum noise, three 
layers of kapok were used, avera.?e noise two layers, mini-- 
mum noise one layer. Adjusting the treatment to the in- 
tensity level has several advantages: It makes the level 
uniform throughout the caoin, so that there are no favor- 
ite seats; it involves a savins; in weight as the weight is 
distrihutod where it will do most ^ood. 

After this treatment the noise level was a^^ain meas- 
ured and a frequency analysis made, showine; that the hi^h- 
frequency component had "been fairly uniformly attenuated. 
In different parts of the cahin, however, the low-frequency 
components were still trouhlesome. To secure low-frequency 
ahsorption, a stretched memhrane of doped airplane fahric 
was used for the cahin trim and was oacked hy a damping 
layer of felt. The de^^roe of r,tretch may he controlled to 
^ive a maximum ahsorption coefficient at different frequen- 
cies. Thus, for section A, an ahr.orption coefficient of 
55 percent was obtained at 64 cycles, for section B 70 per- 
cent at 256, and for section C 50 percent at 1^^8. The 
noise levels were then measured a^ain; the average reduc- 
tion with this completed treatment was 24 decihels and the 
airplane Wvas quite comfortaole, 

Fi^^-ure 21 is taken from Zand*s paper and shows the 
levels at different positions after the various treatments. 
The sound levels i^iven are with a reference level of 1 
millihar root-mean-- square sound ;'oressure; to convert to 
the standard reference level, approximately 14 decihels 
should oe added. The actual average noise level in the^^^ 
airplane was 8" decihels ahove a reference level of 10"* 
watts per square centimeter. T/hen loudness level m.easure- 
ments were taken, the level was 79 phons. In figure 22 
the pro'^'ress of the noise reduction at different frequen- 
cies and at different steps in the procedure, is indicated. 

Spain, Loye, and Templin (reference 28) descrihe a 
m.ethod in which a continuous record of the sound level at 
various frequencies is ohtained. In this method a high- 
speed sound-level recorder in conjunction with a continu- 
ously variaole frequency analyzer is used. The freqiiency 
analyzer i r, arranged so that it passes all the frequencies 
within a 200-cycle band, with the frequency marked on the 
scale as the center of the hand. A motor drive is arranged 
on the analyzer so that this center point is continuously 
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varied. The sound level at the various frequencies is re- 
corded on ^vaxed paper "by the recorder. An adjustment is 
provided to change the 'oand width to 20 cycles. When the 
record is taken with the 2 0-cy cl e -han d Avidth, the various 
harmonic components of the engine explosion, crankshaft, 
and propeller noise show up. This ^ives very valuable in- 
formation as to the relative values of different components 
in different parts of the airplane. For example, in the 
pilot's compartment of one airplane, the fundamental of the 
propeller plus the second harmonic of the crankshaft are 
dominant to the extent of bein^ 30 docihels ahove any other 
•frequencies, while in the cahin the importance of these two 
components is very much diminished. Fii^ure 2? shows a tyr)-* 
ical record taken in this way. 

By usin^ a vibration nick--up in conjunction with this 
apparatus, a continuous record of the relative amplitude 
at different frequencies may "bo obtained, A frequency anal- 
ysis of the fuselage vibration can then be taken in both 
the pilot ^s and passengers' compartments so that the effect 
of proximity to propeller or en^;ine noise may be studied. 
Such a study of noise and vibration will i^ive an insight 
into the relative amount of noise which arises from struc- 
ture-borne vibration and that which arises from air-borne 
sound. 

Different sections of the fuselage may radiate sound 
in different amounts so that certain surfaces radiate an 
inordinate amount of sound. It is desirable to be able to 
measure the contribution from a given area irrespective of 
the sound produced by an adjacent area. To accomplish 
this, Spain, Loye , and Templin (reference 28) provide the 
microphone with a special attachment, as a result of which 
the sound-rndiat ion characteristic of a limited area only 
is measured. The results of such a noise survey showed 
that the ceiling radiated less on the average, the surfaces 
below windows were 9 decibels above the average, etc. 
Hence, the material could be distributed most effectively 
in accordance with these experimental findings. 

To carry the noise analysis to its logical conclusion, 
it is necessary to know which of the three major noise 
sources - the propeller, engine, or aerodynamic disturb- 
ances - contributes the most energy. The above authors 
indicate a procedure which suffices to separate the total 
noise into these three components. With the aid of this 
analysis fi^;ure 24 was obtained for an airplane with a 
three-blade geared propeller. It shows that, in this case, 
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the propeller noise vir.s oelow "both en^;ine noice and aero- 
dynamic noise. For a direct-driven propeller, the propel- 
ler noise predominated. On another airplane with a lower 
tip speed and a stiffer en^jine mounting, the engine noise 
was greatest. The latter type of airplane, when fitted 
with a two-blade direct-driven propeller, showed that for 
low r,p»in. , the engine noise was loudest, hut for 1,800 
r,p.m,, the propeller noise was dominant. 

As the principles and experimental knowledge enunci- 
ated in the fore^oini^ hecame oetter known, it was natural 
that increased riding comfprt continued to ho secured with 
decreasing expenditure of wei^^ht. Eiminishin^ noise level 
and wei2;ht allowance per passenger went hand in hand. 
Fi.?ure 25 shows the result of Zand's (reference 32) sound- 
proofin^^ work on airplanes. In the Wihault 670 the noise 
level is approximately 79 decihels (a'bove 10"^^'^ watts per 
sq. cm), the expenditure of wei^^ht per passenger only ahout 
12 pounds. The weight of soundproofing ran^^^es from ahout 
2 percent for smaller airplanes to 1 percent for very lar^e 
airolanes. In the Douglas DST (reference P2), an airplane 
of 24,000 pounds, the wei^^ht of treatment was 204 pounds, 
only 0.85 percent of the total weight; the sound level was 
79 docihels. All of the published literature indicates 
that the figure of 79 decibels and weight treatment of 
ahout 12 pounds per passenger is very close to a figure 
which would seem to he difficult to better. Bruderlin 
(reference 22)predicted a noise level of 77 decibels for 
the Doui;las I3C-4 at 65-percent power; the actual level ob- 
tained is not known to the author. The German Focke-Wulf 
F.W.-200 airplane (reference 30) used only 7.7 pounds of 
soundproofing per passenger out the sound level would seem 
to be about 82 decibels. As we have stated before, the 
current practice witli most n:anuf acturer s is for the sound 
level in the cabin to range from 83 to 91 decibels (refer- 
ence 35 ) . 

The possibility of still further reducing the weight 
allowance would seem to hinge on the potential application 
of the theory of Meyer which we have already discussed 
(p, 43). Meyer's research indicates that, in the usual 
soundproofing construction in which sound-absorbing materi- 
al is placed between fuselage cand cabin trim, it should be 
nccess^iry to distribute the material at intervals only. A 
continuous distribution of material would not seem to be 
necessary. The applicability of this scheme to aircra^ft 
needs further investigation. 
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'Thile we have devoted our chief attention to discusd- 
in^ tlie attainment of quiet in the cal)in, it is evident 
that the pilot's compartment should not he ne^^lected. The 
air--line pilot rho is suojected to' unending noise daily, 
is bound to suffer fatigue and a loss of efficiency. In 
commorci-Tl transport airplanes the noise level in the pi- 
lot's qaarters varies fron 85 to lOr:^ decihels, vrhich is 
indicPvtive of the trend toward quiet cock^oits. 



The author is indeoted to L. Chrisler and P. R. 
Heyl for many valuable su..;c;e st i ons and criticisms of this 
paper, and to S. J, Zand, vrho provided considerable useful 
ini ormati on. 



national Bureau of Standards, 

Washington, D. C, December 9, 1939. 
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Thermal Conductivity of Li ^^ht - w' ei^^ht Acoustical Materials 



Name 


Density 
(Ib./cu.ftO 


k 


iVean 
tenper- 

a ture 


Authority 


Balsam Wool 




0,27 


SO 




Caoot's quilt 


/3.4 


.25 
« c o 


so\ 

so 1 




r^ol Tlli^ /^QtT 


± • < *-? 


/c3 


109 

X W •/ 












.T « P, p p P b "L P R 


Firtex 




O.iiB to 0*31 


- 


V. 0. Knudsen 


Glass Wool 


1,78 


• 36 


ei 


MS 


Glass Wool 


1.50 


• ^7 


75 


J. C. Peeblec 


Insulite 


12.0 


.30 


- 


V. 0. Knudsen 


•^K" felt 


5.3 


.^1 


- 


J. C. Peebles 


Kapok eetween 
Durlap 


1.0 


.24 




1TB S 


Kwilko 


1.0 


.2^ 




J. C. Peebles 


Seapak 


5.1 


.26 




J. C. Peebles 


Stonef elt 


2.7-3.0 


.25 


60 


Johns-Manville 


Tropal 


3.0 


.23 


1 


National Physica 
Laboratory 



N.A.C.A. Technical Note No. 748 



61 



VI 



Sin.t?lc Panels of Horio one ous Materials 






Material 


Thick- 
ness 
(in ) 


7;eight 
Ud./ 
c!n ft ) 


TransiTiission loss in decioels 
at frequency oands of - 


Average 


150-220 


400—^70 


1000-1120 


1 


Trapping paper 


0.006 


0.017 


1.6 


l.F 


2.3 


... . , - 

1.9 




AluiEinuTT: 


.006 


.075 


5.5 


6. 6 


8.3 


6.8 




Airplane fptaric 




.10 


5.3 


6.7 


11.2 


7.7 


4 


2 

Balsa wood 


.25 


.16 


10.9 


10.5 


12.6 


11.3 


5 


Balsam wool 


.50 


.20 


7.4 


9.5 


q 


8.6 


6 


Micarta 


.047 


.23 


12.4 


12.8 


15.7 


13 . G 


7 


Alclad 




.30 


9.6 


15.8 


16.9 


14.1 


8 


Balsa wood 


.50 


.30 


11.5 


14.5 


14.3 


13.4 


9 




.020 


• 33 


16.6 


16.4 


16.1 


16.4 


10 


BalsaiTi wool'' 


1.00 


.33 


9.8 


11.2 


16.4 


12.5 


11 


Aluminiim 


.025 


.35 


16.1 


17.3 


20.3 


17.9 


12 


Insuli te 


.25 


.36 


20.9 


16.3 


20.3 


19.2 


13 


Insulite 


.31 


.43 


14.8 


16.7 


22.0 


17.8 


14 


Plywood 


.125 


.52 


17.5 


18.7 


21.8 


19.3 


15 


Celotex 


.44 


.63 


17.1 


20.3 


24.0 


20.5 


16 


Plywood 


.25 


.73 


18.6 


20.8 


24.5 


21.3 


17 


Insulite 


.50 


.75 


21.4 


23.3 


25. C 


23.2 


18 


Galvanized iron 


.03 


1.2 


24.5 


25.7 


26,6 


25.5 


19 


Double strength 
















glass 


.13 


1.6 


24.7 


27.0 


32.0 


27.9 


20 


D^jplate glass^ 


.094 


l.g 


25.3 


2 8.6 


30.8 


2 8.6 


21 


plate glass 


.25 


3. 65 


28.7 


32.0 


34.2 


31.6 



Doped five times, varnished twice. 

Tor these materials the frequency bands were 150-180, 400-440, and 
1000-1093 cycles per second* 

'Paper each side. 



iI.A.C.A. Teclmical Note No- 748 



62 



U 
CO 



■H 



0) 
0 
CD 

o 

EH 



Q) 

CO 

ft; 



O CO 



0) 

o 
u 



CD 

+^ 

CD 



•H 










03 


lO 




rH 






rH 


CV3 


CO 




I 


I 


1 


1 


1 


\ 


1 


1 




1 




cb 














— 










, „ 

1 




iH 


.... - 

#H 


00 






rH 









o> 


lO 


rH 






• 


• 


• 


• 


• 


• 


• 


• 


• 


• 


• 


> cd 




rH 












o 


rH 


o 


'O 








rH 




rH 






rH 

- 


rH 


rH 








(.A3 


CO 




o 













^ 


^ 


____ 






















(X> 








'-D 








r-H 




LG 




00 


o 




LO 




00 


d o 


rH 


• 


* 


• 


• 




• 


« 


• 


• 


• 






1 








rH 


CO 


lO 














O 


rH 


rH 


r-i 


f\J 


rH 


rH 




'CVJ 


CD 








O 


















o 
























O fU 


iH 
















- 








rH <+H 
O 


- - 

o 




































rH 


CO 


rH 


lO 


CO 


00 


o 


GO 


LO 


O 4J W 




• 


• 


• 


• 


• 


• 


• 


• 


• 


• 


• 


•H Oj 'O 


1 


O 


iH 






LO 




00 


00 




to 






O 


rH 


rH 


rH 


rH 


rH 


rH 


rH 


rH 




<.AJ 




U5 CO CO 


o 













































w ^ 





















































c6 o 




00 


o 


O 


O 


lO 




lO 






o 


rH 


^H OJ 


1 


• 


• 


« 


« 


• 


• 


• 


• 


• 


• 


• 


Eh 


o 




o 








to 




01 








. 1 


rH 




rH 


rH 


rH 


rH 


rH 


rH 


rH 




CO 


CO 




















































































• 


























a* 


00 






00 


o 


o 


rH 










•H 






to 




lO 


z> 




00 


O 


lO 


LO 




aj 




























• 


o 














rH 


rH 


rH 


CD 




























iH 


























































LO 


LO 


o 




lO 


lO 


LO 




O 


•i-l CD 








£^ 








^- 








lO 


























• 


to 


— ■ 


(H 


fH 


rH 


rH 




rH 


rH 


rH 


rH 


O 




1 




























• 








Cv 




LO 




"O 






lO 


O CO 


















CO 


o 


o 


C\i 




•H 


t 


O 


1 


O 






1 


rH 


LO 


LO 


rH 


^ p 






• 




• 


• 


• 




• 


• 


• 


• 


EH 






O 





















p 

O tH 

•H 0) 

4^ .P 

CO HJ 

-f^ CO 

•H 0) 

S rH 



CD 

CO 
O 



P 

O ^1 

•H 0) 

4^ ^ 

-*J CO 



CD 
CO 



o 



rH 
<4 



CD 



•13 

O 

O 



Ph Ph 



0) 
HJ 



p 



o 

no 



,P 

O) t)^ CO 
rH P W 

a 0) CO 

^-1 rH 



LO 



LO 



LO lO 

8 8 



lO LO 

8 i3 



O 



o 

lO 



lO 
CO 



o 

•H 

^1 

o 

(0 

VnrH 

(D 

0) P^ 

P o 

rH 



C\3 
C\3 



o 
no 



CO 
C\i 



p 



CO 



o 



LO 



O 



CO 



o 

13 



O 



00 
CO 



O 

o 

rH 



(Si 



pi 
P 



o 
to 



o 



rP 

4J CO 

I CO 
0) rH 
rH 

§ 



CO 



IT.A.G.A. Technical Note Ko 



^48 



o 

o 
o 

a 

CO 



0) 



CO 



o 
o 

B 
CO 
w 

rH 

CP 

• H 
t/3 



n 

•H 
CO 

1 

> tt 



03 

CO f:J 
to 

03 O 



8° 



C\3 



I 



rH 

A3 



O 



I 

I 



•H 



c/3 0; t:>s!0 O 

c/j o O O 

w oj i 

cj 0) I O O 

^-4 « ] LfD 

L-* -H <fH ! rH .\3 























• 








o 




CO 




•rH 




• 




f 


o 




.o 






rH, 












• 


LO 


O CO 






•tH CU 






.el 




• 


EH 




o 



Pi 

Q> 



CO 



03 
rH 

rH 
rH 



'X) 



0> 



in 



o 



CO 



LO 
a 

rH 

:0 

CD 



O 

CO 



o 



o 

C\3 



to 

03 



8 



8 



O 



o 



o 

CO 



o 

CM 



rH 



0> 
CO 



o 

C\2 



CO 



to 



o 



cn 



to 



(VI 
C*J 



03 



Cj 



to 



CO 



to 



•H 

B 

rH 



IN 
LO 



t:5 
O 
o 



o 



lO 

;\3 
o 



f1 





































f1 






rH 








rH 


rH 








1 










CT} 






O 


<U 






O CD 


O 


0) 






















O 








O X> 


o 










u 
















•H 










•H 






rH 


Co 








Q) 










o u 




CO 




0> 












o 














^ i CO 






E 






■H 




P 








•H 










•H Pi 




CO rCl 


CO 














•r-i 




W 


Ph 




CO 


U 


1 0) 




CO O 


CO 


O 


• 




O 






1 




o 


CD 




rH 


CD 






rH CO 


rH 


oi 


O 


a> 






CD 


rH 


rH 


p. 


rH 




CO 


a.> 








CD 






CJ 


•H 


P 


CJ 




a. 


fcj 


rH 




o 




03 0 


P4 


o 


O 






} 


•H 




CO 




o 


•rM 






;h 


u o 


CQ 










CO 




CO 














<i> 




P^ 


^ CD 








(v 


o 




cv> 


0) 


^1 








o 


P< 


>i ^ 




o p, 


o 








o 


1 




>. 


•H 










CO 


CO o 


>a 


C CD 


a 






(U 


• 






CD 


CD 








■H 


Pi 


rH O 


Q 


•H P^ 


•H 


P^ 






o 






rH 










I 








1 


! 






CD 






CL 






















rH 












CO 


C\3 






1 

>J CO 


• 










to 






to 


to 






LO 


lO 






O W 




















i."\3 






C\3 


i"'v3 






•H <U 


•H 






o 




o 






o 


O 






rH 












• 








• 






• 


• 






• 


• 










o 






























rH 




































































i:^ rH 


































CD CO 








































• 




• 






« 


• 






O 












.1-1 




o 




o 






o 


o 






O 










































4-> 


























^. 








O C3 




rH 
























rH 










.nj 


































































IN 




CX) 




CD 






o 


rH 








CJ 










CJ 








CJ 





















H.A.C.A. Technical ITote No. 



748 



t 



o 

CO 

-♦J ID 



CO o 



o 



5b 

CO c> 

CD 
Pi 



(D 



1 

o 


O 


C\3 




o 








o 


in 




IN 




o 




• 


• 


• 


• 


• 


• 




• 


• 


• 


• 


o 


rH 














^* 


CD 








rH 








to 


CO 


to 






to 


CO 







o o 
o 

-4* '^t* 



1 




fH 


in 












'X) 


O 


to 


rH 


o 


o 


• 


• 


• 


» 


• 


• 


• 


• 


• 


• 


• 


in 










rH 


CO 




CO 










rH 




rH 


r-H 


rH 


C\3 


i>5 


03 


CO 


C>3 


CO 


c^ 


CM 



o 

Csl 

Pi 
P 

4^ 



0) 

a 

CO 
PL, 

(D 

•H 

O 
Qi 
S 

o 

O 























• 










•rl 


CO 




Q> 




o 




« 






o 






rH 





I 

U CO 
•H 0) 



0) 

CO 

p» 

Pi 

CO 

a) 



CD 



Pi 
<U 



G 05 

fcH 



CO 

p. 



o 

Pi 



Q) 



CD 



CO 


CO 


in 


«X) 


CO 


'X> 


CO 
rH 




in 


CO 


ID 








rH 


LO 


rH 




co 


00 


o 


CO 


• 


* 


• 


• 


• 


• 


• 


• 


• 


• 


• 


o 


rH 




CX) 


fX) 


o 




rH 






rH 


CO 


CO 


03 


03 


03 






to 


03 


CO 





T3 

O 
O 

a; 

C/3 



Pi 

<D 

P< 

O 

to 

4^ 



Pi 



ou 








CO 






in 


in 


o 


0) 


• 


• 


• 


• 


• 


• 


• 


• 


• 


• 


• 




cn 


m 


Ln 


CO 


in 


m 


o 








rH 


rH 




03 


03 


03 


CO 


CO 


03 


03 


CO 



CO 
CL> 
rH 

U 

>r 
O 

o 



a 

U 

CO 



03 

in 



?2 



CX) 



a) 




8 


tX) 

o 


O 


to 

CO 






rH 


rH 


rH 


rH 



o 



in 



CO to 



in 
:\3 



CO 









d 




o 


P. 




O P4 




•H 




Cd 


•H CD 


Cd 






-!-:> 


+^ ^ 




CO 




P. 


cd ^ 


U 


-»-> 


CQ 


CO 




cd 


•H 




o 


.H CD 


o 




rH 




B rH 










hH 





rH 

-as 



rH 
CO 



o 

T3 



Cd 
+^ 

(D 
K 

rH 



O 
O 



o 
p< 

<\) 

M 
^>^ 

P4 

O 

•H 

I 



o 



o 

X) 



o 

XJ 



o 

T3 



o 



O 



O 



O 
X) 



to 



o 

•H 
Pi 

Q 
CO 

CD 

CO 
rH 
P4 
P» 



.A2 



O 
X» 



O 
X) 



O 
x» 



cx> 



o 

XJ 



o 

X3 



O 



o 
xi 



tn 



o 

X3 



CO 

LO 



I 

o 

o ^ 

O rH 



Pi 
> 



XJ 

p; 

CD 



in 

8 



Ln 

O} 



o ujc 

o § 
o u 



rH 



XJ 

o 
o 

rH 



o 

CO 
rH 
I 

O 



CO 

a 
d 



u 
d 

•H o 

I Pi 

C>3 0) 

CO 
U 

CD Pi 
X3 

CQ 



;x3 



o 

Pi 
CU 
ISJ 

>-o 
P* 
X3 

,d 
a 
d 

•H 
I 

CO 



0) CO 

Pi I 

0) rH 

CO ^ 

d 

CO ^ 







LO 


LO 


LO 




m 


tr3 


CO 




CO 


-^^ 




03 


CO 


CO 


o 


o 


o 


o 


o 


O 


o 


rH 



o 

d 

0) 

CO 

u 



t'j 
I 



CO 

(D 

,d 
o 

d 



,d ^ 

+j ou 

CO 

rH O 



O 
X3 



CO 

LO 



X3 

O 
O 

rH 



Pi 

-l-J 

CO 

CO 
0) 



o 

IN 



CD 

d 

CO 

a. 

(D 

CO 
03 



l^.A.O.A. Technical Note No. 748 



65 



0 










1 n> 




4-> 
















'O 




















































CD 
















<D 


















4-5 




CO 














MM 












f — i 






(D 


t 


o 










U 






4-5 












•H 




CD 












































^4 






•r4 












ft 




'O 














O P 


CD 














Cd 


CO 


4^ 










4-5 


o 






>e 










nc3 






•rH 


(D 












M 'rH 




Cu 












rH 


0) 


O 










•H 


















P 


a> 




CO 


p 












r — 1 












• 


n 




rH 










is£ 


id 






CD 










cd 


o 


















1 


rH 










a 


6 






O 


CO 










•H 


















oi 




O 


p 








P 






o. 












rH 


O 


o 












rH 


CU 






CO 


























<1) 




rH CO 


O. 

y*A 


vj 














•H 


4J 


o 








rH 


J4 






rH 


















C) 








P 




CD 




o, 








t 
1 

00 




<D 




C! 


o 


* 






r4 








Pi 










cd 








Q} 












4-5 CJ 




ni 
lU 


hU 






o 


M 


4-> 




vU 








CD 
















CO 




1 1 


R 




p 




rH 




Q) 




Qj 








•H 






13 


















O 










CD 






4-5 






•H 




P 






O 










II t 


rH 


>. 




a> 


>» 


CO 














4-5 












rH 




o 


rP 




























M 


o 


rH 






4-> 




















Cd 






4-5 




CO 












CO 












o 


cd 




(U 


























4-5 




f4 


•H 








O 




O R 


o 


d 


H 














o 


T> 


CO 






13 


















CO 


0) 




•H 






O 








■H ■• 




CQ 








a> 










0) 


P5 






0) 
























T> 




HJ 








+^ 4-5 


4^ 












•H 


a 


Cd 




4^ 


Cm 










• 




CD 
























(D 




CD OrH 


a) 




a 






to 




o 


> 


M 










O 




CO 














P4 O 




T3 


CD 








rP 




^<-H CD 


t:: 




• H 










•H 




o 


o 


o 






cd 


cd 






rH 
















CD 


P 




rH 








CO •(-< 




•rH 








W 




1 




P4 




4-5 






4-5 


















o 




• 




CD 




4-5 




M 




4-5 






tu 










rH 


rH 


CO 


Pi 








4-3 


4-5 














o 


TJ 


4-5 


O 


> 




O 






^ P 


















pH 


'O 










Cd 


M 


4-5 




CO 










o 


(D 


P 


cd 


o 




CD 




O 




-O CD CJ 
















O 




to 


d) 






CO 


CD 
c: 


to 




•rH 












4^ 
P 


(D 


-4-5 
4-5 


U 




P 
•rH 




u 




»>■ P 
P -H 


ci 












O 






Q> 


rH 


(D 






••H 


<D 


rH 




rH 


* 








P 


<u 


CJ 


CD 






'O 




o 




O ! 












Cu 


o 




O 


4^ 


Cd 


y> 








O 


Cd 




cd 










CO 


B 


O 


rM 


















o 






rH 






4-> 


rH 


•r4 


•r4 










4-5 




•H 










S 




K 


u 


• 






'a 










o 






•rH 


}^ 


H 




(U 










K 


CD 




^4 


rH 








CO 


o 








4^ 


0) 




0) 




(1> 1 — 1 rH 


Cu 










+^ 


o 


.r4 


4-3 




0) 










<D 






Q> 
















4— > 




P 


^>^ 




!>i 




CD 












f-i 
>~t 




Q 








1) 






cj 


+J 






4-5 


ri 








•H 


4J 


4-5 


CO 




CD 


cd 




CD 




CO 4^ 


O 


CO 


o 






Q) 


Cd 


Cd 


0) 




oj 


^4 








Cd 






cd 










P 


rH 


rH 


o 






p 




p 




f-i -4-5 


I — i 










v~ 


M 


o 




o 


CO 






to 


rH 
















Cd 


0) 






P 


CD 


Pi 




P4 




P* P 























— 
























o 


«fH 




P4 


cd 


o 


CO 




CO 




CO o sc 






• 



































































• 


CI 
















• 






• 




















•> 








• 
















o 




• 










o 




o 


u 




CO 


i 
















• 


• 






K 


CD 
















o 




o 




Cd 


o 




o 




o 


o 


» 










o 


o 








O 


o 






CD 


>- 




p 


O 


P 


O CO 








o 








« 










o 




o 




•H 


.r4 


o 






•rH 


•tH 


o 






4-5 






•H 


•H 


CO 


CD 


• 






• 


E 






• 




>^ 


a 






• 


P. 

CO O 










,-Ci 








cd 






P^ rP 


Cd 


• 


Cd 








u 


rH 


o 


o 




rH 


rH 




4-^ 


HH 


cd 


^1 


rH 




rH 




OJ 


C-) 




rH 










03 

rP 


o 


P. 










a> 


iH 


o 




o 


(D 


rH 


cu 


■H 




•H 


a> 


rH 






dj 


rH 








(D 


rH 






P 










B 


+^ 




•H 








o 




M 


CO 


o 






HH 


O 




O J 


HH 








V-'' 


J— 1 


* 


P4 


cv 




o 




o 




(D •> 


o 




1 — 1 


cd 




H 










cd 




(1) 


pi 


CO 








CD 






1 




CD 




O 






1 




o 


P*" 






<D 


O 


Pu, 




P 




o 


c:: 








CO 


f H 




CQ 










CO 








T3 


03 






CO 


P 




O 












O 




Cd 


u 


03 


O 


o 




o 


0) 




O 




I 




O 






cu 




O 




•H 


CD 






CO 


4^ 


4-5 






•H 




d 






rH 


OJ 


O 






o 




'"O 






v1 










p 


rH 


P 


tUJ 




P 






p 


rH 


P 




th 


Pi 


1 — I 


<D 




CO 


o 




[SI 


•H 


Q 




> ' 




Oj 




03 


•H 


^D 




cD 




•H 


CD 


CD 


Oj 




•H 




•H 


CD 


o 


p 


CD P 


CD 








a 


CD 


> 




^( 


u 


o 




fji 






CJ 


rH 


> 




o 




rH 


> 


c; 


CJ 




til) 






rH 


> 


Oh 


•rH 


4-5 c:i 




CO 




03 


•H 


Q 


0) 


>^ 


Oj 


•r4 






to 


•H 


03 


•H 


rH 




c^ 


•rH 




rH 


CU 


CO 


• H 




P 


• 




rH 


(D 




rH 


rH B 












O 


rH 








• 


CD 


o 


. 


(D 




•H 


rH 








tH 


rH 


CD 






•rH 


O 




•H 


rH 




P 


P CD 








CO 


o 


Pi 


o 






o 








P4 




o 


pq 


o 


CO 


o 


1 






C/3 








o 




CP 


O 






o 




J 








TD 






























































o 
o 


o 

•H 




Jm 
CO 




























































1 — 1 




-*-> 




B 
















































P 














0) 






rH 




W 












































(D 












.o 








•H 






























































cd 


C) 








0) 












































CD 




4^ 








1 


1 — 1 






o 












































p 








P 






»H 


00 




•i-i 




• H 










4-3 


































o 




0} 




CD 




4^ 


Jh 






I 




rH 




CO 






o 












4-> 










4^ 












p^ 




a) 








P 


Q) 






00 


• 


Pi 




rH 


o 




rH 












r: 










f1 








4-^ 




CO 








(D 




CD 










Cm 






O 






O 












CD 








CO 


CD 








( — 1 












O 




B 






o 




o 




o 




£d 
























o 


I*. 








(D 




M 












CD 










o 
^1 


d) 


rH 
O 


o 


,^ 
















a> 
u 








-rH 


O.J 
CJ 












o3 

rH 




P 




CD 

P 




P 




•!~f 






P^ 


CD 


0) 


0) 


'X3 




a> 








M 












+J 






M 




<D 


(D 


r4 

p 




C 




(D 




X 








CO 


0) 


•H 


W 
(U 


N 


CD 
4-:> 




cu 








cd 

P4 




K 
0) 




CD 




CO 


<D 




cd 
p. 




4-* 

cd 


1 — \ 
rH 




P 




P 

P4 




CD 

-4-5 




W 


O 


cd 


03 




a) 


>^rH 




CO 








cd 




4^ 




CQ 






4^ 




Cd 








<D 




o 




o 




rH 






f-« 






cD 






0) 




cd 








fD 




Cj 










CO 




CD 




r^ 












03 








J — ! 




</:) 






O 






o 








CO 








CO 










CO 




iH 








no 






















Q> 
U 










— 














































OJ 












•H 




































































4-> 
























































0) pi 












O 
























































4-> 












Cd 
























































o o 


•^^ 
































































































4-5 




































































u 










































— 








rH 


















o 






'O 


1-H 


































U 








Cd 
















CO 








Jj 


































ai 


O 






hi) 

c:! 


















cd 


CO 






CD 


rH 








































0) 
















rH 










(D 








p 
































♦H 




























X? 


































o 






0) 


























o 


O 






























.H « 




o 






O 


















O 


tH 






o 










tH 






















<1J CO 


O 












































CO 























il.A.G.A. Technical IJotc Ho. 748 



66 



TABLE XI 

Areas and Coefficient of Absorption of the Douglas DC-1 



Componont surfsicG 


Area 
( sq • f t . ) 


.a at predominant 
frequency 


Al} so not ion ~ 
* cr. X area 


Ceiline; 


240 


0.82 


197.0 


Front "bulkhead 


45 


.87 


39 . ^ 


Side w.^.lls 


260 


.79 


205 . 0 


Rear Wralls 


55 


.87 


56.5 




30 


• .28 


8.4 


12 passen^^ers at 
3 sal^iner, * 






3 6.0 


IP. chairs at ?.8 
sabine 






33.6 


Parcel s . - t rim , 

curtains 






15.0 



TotaL. al)-sorption = A = 590. saoincs 

'The product a, x area sives the numher of units of a'b^ 
Gorntion or the numl^or of satinec. 



Areas and T ransmi s si vi t i e s of the Douglas EC-1 



Gonp on ent surface 


Area 
(sq.ft.) 


T 


Transmi t t an c e = 
T X area 


Caoin, including 
floor 


805.0 


0. 000678 


0.5454 


12 windo^vs and 








2,P5 sq. ft. 


27.5 


. 008 75 


.2400 


Doors - very j^ood 
clo sure 


24.0 


.00024 


.0496 



Total t ransmi t tance 



0. 8 35 0 



lloise reduction in decibels = 10 lo^^^ ^ = 10 logio "'g^? 

2 8.5 d e c i *b e 1 s . 
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Jig. 1 



130 T^^reshold of painful sounds; limit of 
ear's endurance. 

120 Threshold of feeling (varies with frequency). 

Airplane motor (1600 rpm ) 18 feet from propeller. 

110 

Express train passing at high speed. 
100 Loud automobile horn 23* away. 



n P5 

o oJ o 

a; ^ +3 

O4 CO 

M U 

O A > 

P « 

0) CO o 

(d » a 



80 New York subray. 

Motor trucks 15* to 50*, 
70 Stenographic room. 

60 Average busy street. 

Noisy office or iepartrrient store, 
50 Moderate restaurant clatter. 

Average office 



40 



30 



Soft radio music in apartment. 
Average residence. 



20 Averaore whisper 4' away. 



10 Rustle of leaves in gentle breeze. 



Threshold of audibility. 



Figure 1.- Decibel scale of sound intensities. 
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.i^'requency in cycles per Sfeconi 
b'i^jtnire 2.- Loulness level contours of the ear; each contoiir 

represents all the tones v/hich a.re equally as loul 
as a 1000 cycle per second note, >'or example, an BO cycle per 
seconl note at '"0 iecibels sounis aj^ lon.l as a 1000 cycle note 
at dO iecibels. 
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'^ercent loulness reduction 




i^reiucmcy in cycles per second 
^irnire :)ecibel shift of tnresiiold of hearing (inasKin^r in db) in 

presence of noise containing- a wile ran^e of audille fre- 
quencies Inumters on tne curveb reprei.ent the sound levc-1 in db of the 
masicin^T: noise. For example, for a masking? noise of db,the thresnold 
for a fjOO cycle uot^ is shifted cy 53 dte. 
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Figure 11.- SlmlntLtlon in the eoimd insulation of a thick wall caused 

)3y a small tubular opening; a, insulation efficiency of 
the wall without opening; b. with an opening of 1.7 cm diameter and 
15 cm length. 
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Figure 12,-. Showing the construction 
of a proper window motint- 
ing (U.S. Patent #19991832); vlbra- 
tion damping is obtained by allowing 
space for the rubber channel to de- 
form under the action of stresses. 



1 10 20 4660yigure 8.- Response of the individual 

Frequency, c p s to vibration (see text). 
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Fi^nire 9,- Variation of noise level oiiti^iie 

of cat in wall with distance from 
tne plane of the propeller. Observations male 
at fusel^iire v^all , 
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-fi^are 10.- Noise level (in dV ai.ove 1 rialli'^^ar; aid 13.8 
■lb to convert to usual reference level) prj- 
duced by airscrews at various tip sp^;.eds. 
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Absorption coefficient 
Fi^rure 13.- Variation of noise reduction vvitii ab- 
sorption coefficient an L transir.issivi ty 
T, for an ilealizfcd cacin (see text ) • 
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Fi>nire 14.- Sound aLBorption cotfficierit of v/rappinji' 
paper place! 5 cm from wall; a ,with air- 
space only; t , airspace filled with cotton. 
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Fi^mre 1l).- 
layers. 



Sound absorption coefficient of 3 layers 
of oilcloth with 5 cm airspace between 
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Figure 16.- Variation of transmission loss with wci<F:ht for 
horr.oareneous panels . _ 
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Fi^re 17.- Dependt^^nce of the transiiiission loss homogeneous 
panels on the lo^^arithm of wei£;ht in Ib/sq.ft. 
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"d'isfrure ly.- Transmission loss of a v/al 1 c 0:1^5 is tint: of 3 

layers of plywood with ani without cotton 
around the toriers of the v/all. 
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Fi^ruro 20.- jPrLquuncy analysis of the noibe within the 

caLin; 1-FW200 without treatment, 2-j^W2.jO 
with trvjat::.L:nt ,3-Ju52 with tr^'atii... iit , 

//irst atterapt to souniproof •-•n airplane 
y /VVei.^ht of bounlprojf in^-^ p^r passenve:er 
/Noise levL.l in db. 
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Figxire 25.- ?r.jCTv.ss of soundproof im:* of aircraft tsnov/inr the 

rt^laction of noise level and reiuction in Vvoi.ht 
of acoustical treatiiierit required, Approximately 14 dl^ siiould 
be ad led to noise levels to convert to usual referenct. level . 
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Figure 22.- Progress of noise reduction at various stages of 

the treatment* Approximately 14 db should be added 
to noise levels to convert to usual reference level* 
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Figure 23.- Frequency analysis of noise in the pilot's 

compartment of an airplane with direct 
driven propeller. 
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?i.^rure 24.- Relati on of the various corr.ponunts 
to the total noise in the calin of 
an airplane with a three blade geared propeller. 



